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Description

Technical Field of the Disclosure

[0001] This disclosure relates generally to cooling sys-
tems for removing and dissipating heat from chambers
and/or surfaces, including cooling systems and refriger-
ation systems utilizing thermoelectric cooling elements.

Background

[0002] The process of refrigeration involves moving
heat from a chamber or surface to be cooled, and reject-
ing that heat at a higher temperature than an ambient
medium (e.g., air). Vapor compression-based cooling
systems have a high coefficient of performance (COP)
and are commonly used for cooling chambers and sur-
faces. Conventional vapor compression-based refriger-
ation systems utilize a thermostatically regulated duty
cycle control. Such systems typically are not dynamic
enough to meet both steady state and transient demand
(such as during pull down or recovery), and therefor in-
clude excess cooling capacities that far exceed heat ex-
traction demand required during steady state operation.
Excess cooling capacity allows improved pull down per-
formance, but due to the nature of their control, thermo-
dynamic limits, and product performance demands, con-
ventional vapor compression systems are less efficient
than optimum. Excess cooling capacity also entails large
current surges during start-up and requires more expen-
sive electrical components.
[0003] The sub-optimum efficiencies of vapor com-
pression-based refrigeration systems relate to the desire
for such systems to precisely control the temperature
within a cooling chamber. Typically, when a temperature
within a cooling chamber exceeds a specified value a
vapor compression-based refrigeration system is activat-
ed and continues to run until the temperature in the cool-
ing chamber is below the specified value - at which point
the vapor compression-based system is turned off. This
type of control scheme typically has a relatively large
control band and a relatively large internal temperature
stratification to seek to minimize energy consumption and
allow for operation in varied ambient conditions. Such a
control scheme is most often utilized because throttling
or capacity variation is difficult and expensive to imple-
ment with the vapor compression cycle, and throttling or
capacity variation provides limited efficacy as volumetric
efficiency falls.
[0004] Vapor compression based systems also fre-
quently use chlorofluorocarbon (CFC)-based refriger-
ants; however, the use of CFC-based refrigerants pose
an environmental threat since release of such com-
pounds may lead to depletion of the Earth’s ozone layer.
[0005] Thermoelectric cooling systems represent an
environmentally friendly alternative to vapor compres-
sion systems, since they do not require CFC-based re-
frigerants. Thermoelectric coolers (also known as ther-

moelectric heat pumps) produce a temperature differ-
ence across surfaces thereof in response to application
of an electric current. Heat may be accepted from a sur-
face or chamber to be cooled, and may be transported
(e.g., via a series of transport pipes) to a reject heat sink
for dissipation to an ambient medium such as air. Ther-
moelectric cooling systems may include passive heat re-
ject subsystems. such as thermosiphons or heatpipes,
that dispense with a need for forced transport of pressu-
rized coolant though a reject heat sink. As with all refrig-
eration systems, the smaller the temperature difference
across a thermoelectric heat pump, the more efficient the
heat pump will be at transporting heat. Despite the envi-
ronmental benefits of thermoelectric cooling systems,
however, such systems have COP values that are typi-
cally less than half of vapor compression systems. En-
hancing COP of thermoelectric cooling systems and en-
abling their use over a wide range of ambient temperature
conditions would be beneficial to promote increased
adoption of such systems.
US 2007/012055 and US 5918474 disclose a heat trans-
port system according to the pre-characterizing portion
of claim 1.

Summary

[0006] In a first aspect, the present invention provides
a heat transport system characterized according to claim
1. In a second aspect, there is provided a method of con-
trolling a heat transport system characterized according
to claim 11.
[0007] Embodiments of the present disclosure relate
to heat transport systems (including thermoelectric cool-
ing systems) enabling greater efficiency and/or usage
over an increased range of ambient temperature condi-
tions, such as may be useful for cooling chambers and/or
surfaces.
[0008] In certain embodiments according to the
present disclosure, at least one forced convection unit is
utilized with a passive heat transport system (e.g., using
a thermosiphon or heatpipe) for maintaining a set point
temperature or set point temperature range of a chamber
or surface, with the at least one forced convection unit
being operated during periods of high heat loading (e.g.,
transient conditions) and/or high temperature reject con-
ditions, but not operated during normal (e.g., steady
state) conditions when passive heat transport may be
sufficient for heat to be accepted from the surface or
chamber to be cooled, and/or for heat to be rejected to
an ambient environment. The at least one forced con-
vection unit is selectively operated to enhance or boost
convective heat transport relative to at least one heat
exchanger in thermal communication with a heat trans-
port fluid. At least one forced convection unit may be
arranged proximate to at least one heat exchanger at the
accept side and/or at the reject
side of a heat transport system. A controller receives tem-
perature data indicative of at least one of (i) temperature
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of an ambient environment containing the heat transport
system, and (ii) temperature of a chamber or surface to
be cooled. The controller activates at least one forced
convection unit upon detection of a condition indicative
of at least one of the following states: temperature of the
chamber or surface exceeds a steady state temperature
range that includes the set point temperature or set point
temperature range, and/or temperature of an ambient
environment exceeds an ambient environment threshold
temperature or ambient environment threshold temper-
ature range. The controller deactivates at least one
forced convection unit upon detection of a condition in-
dicative of at least one of the following states: tempera-
ture of the chamber or surface is within the steady state
temperature range, and/or temperature of an ambient
environment is below the ambient environment threshold
temperature or ambient environment threshold temper-
ature range.
[0009] In certain embodiments, any aspects or fea-
tures as disclosed herein may be combined for additional
advantage. Any of the various features and elements as
disclosed herein may be combined with one or more other
disclosed features and elements unless indicated to the
contrary herein
[0010] Those skilled in the art will appreciate the scope
of the present disclosure and realize additional aspects
thereof after reading the following detailed description of
the preferred embodiments in association with the ac-
companying drawing figures.

Brief Description of the Drawing Figures

[0011] The accompanying drawing figures incorporat-
ed in and forming a part of this specification illustrate
several aspects of the disclosure, and together with the
description, serve to explain the principles of the disclo-
sure.

Figure 1 is a line graph illustrating cooling capacity
(Q) and cooling efficiency (COP) of a Thermoelectric
Cooler (TEC) as a function of input current to the
TEC.
Figure 2 illustrates a thermoelectric cartridge includ-
ing multiple TECs arranged on an interconnect board
that enables selective control of different subsets of
the TECs.
Figure 3 is a perspective schematic view of a ther-
moelectric refrigeration system including a cooling
chamber, a heat exchanger including a cartridge
(such as the cartridge of Figure 2) that includes mul-
tiple TECs disposed between a cold side heat sink
and a hot side heat sink, and a controller that controls
the TECs to maintain a set point temperature within
the cooling chamber.
Figure 4 is a perspective view of at least a portion of
a heat transport system including a selectively op-
erable forced convection unit arranged to enhance
cooling of a heat exchanger in thermal communica-

tion with a fluid-containing loop according to one em-
bodiment of the present disclosure.
Figure 5 is a perspective view of at least a portion of
a heat transport system including a selectively op-
erable forced convection unit arranged to enhance
cooling of a fluid-containing finned heat sink in ther-
mal communication with a heat exchanger according
to one embodiment of the present disclosure.
Figure 6 is a top plan schematic view of a thermoe-
lectric cooling or refrigeration system including a
cooling chamber, a first forced convection unit ar-
ranged to enhance heat transport to a cold side heat
sink within the cooling chamber, a thermoelectric
heat exchange assembly incorporating TECs, and a
second forced convection unit to enhance dissipa-
tion of heat from a hot side heat sink according to
one embodiment of the present disclosure.
Figure 7 is a schematic diagram illustrating intercon-
nections between power, sensory, control, and user
interface components of a thermoelectric cooling or
refrigeration system such as the system of Figure 6
according to one embodiment of the present disclo-
sure.
Figure 8 is a schematic diagram illustrating modes
of operation of the controller of the thermoelectric
cooling system depicted in Figure 7.
Figure 9 is a bar graph illustrating conditions under
which a thermoelectric cooling system may be op-
erated in fan assist mode (with forced convection)
and in passive mode (without forced convection).
Figure 10 is a front elevation view of independent
first and second heat transport devices, each includ-
ing a heat sink, a heat exchange pad, and a heat
transport conduit, suitable for use with first and sec-
ond TECs of a thermoelectric cooling or refrigeration
system, providing a basis for comparing the heat
transport apparatus include linked heat sinks with
crossover heat exchange conduits according to Fig-
ures 11-12.
Figure 11 is a front elevation view of a heat transport
apparatus including linked first and second heat
sinks with crossover heat exchange conduits and
heat exchange pads suitable for use with first and
second TECs (or thermoelectric heat pumps) of a
thermoelectric cooling or refrigeration system ac-
cording to one embodiment of the present disclo-
sure.
Figure 12 is a perspective view of the heat transport
apparatus of Figure 11.
Figure 13 is a perspective view of fluid conduits and
a heat exchange pad of a heat accepting apparatus
according to one embodiment of the present disclo-
sure and suitable for use with a thermoelectric re-
frigerator unit as depicted in Figures 15-16.
Figure 14 is a perspective view showing internal el-
ements of the heat exchange block of the heat ac-
cepting apparatus of Figure 13.
Figure 15 is a perspective assembly view of a ther-
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moelectric refrigeration unit, first and second hot side
heat sinks with crossover heat exchange conduits,
cooling fans, and a cover arranged to fit over the
heat sinks and cooling fans according to one em-
bodiment of the present disclosure.
Figure 16 is a perspective view of the assembled
thermoelectric refrigeration unit depicted in Figure
15.

Detailed Description

[0012] The embodiments set forth below represent the
necessary information to enable those skilled in the art
to practice the embodiments and illustrate the best mode
of practicing the embodiments. Upon reading the follow-
ing description in light of the accompanying drawing fig-
ures, those skilled in the art will understand the concepts
of the disclosure and will recognize applications of these
concepts not particularly addressed herein. It should be
understood that these concepts and applications fall with-
in the scope of the disclosure and the accompanying
claims.
[0013] It will be understood that although the terms
first, second, etc., may be used herein to describe various
elements, these elements should not be limited by these
terms. These terms are only used to distinguish one el-
ement from another. For example, a first element could
be termed a second element, and, similarly, a second
element could be termed a first element, without depart-
ing from the scope of the present disclosure. As used
herein, the term "and/or" includes any and all combina-
tions of one or more of the associated listed items.
[0014] The terminology used herein is for the purpose
of describing particular embodiments only and is not in-
tended to be limiting of the disclosure. As used herein,
the singular forms "a," "an," and "the" are intended to
include the plural forms as well, unless the context clearly
indicates otherwise. It will be further understood that the
terms "comprises," "comprising," "includes," and/or "in-
cluding" when used herein specify the presence of stated
features, steps, operations, elements, and/or compo-
nents, but do not preclude the presence or addition of
one or more other features, steps, operations, elements,
components, and/or groups thereof.
[0015] Unless otherwise defined, all terms (including
technical and scientific terms) used herein have the same
meaning as commonly understood by one of ordinary
skill in the art to which this disclosure belongs. It will be
further understood that terms used herein should be in-
terpreted as having a meaning that is consistent with their
meaning in the context of this specification and the rele-
vant art, and will not be interpreted in an idealized or
overly formal sense unless expressly so defined herein.
[0016] A brief discussion of a cooling capacity and ef-
ficiency-versus-input current supplied to a TEC (which
may also be called a thermoelectric heat pump) may be
beneficial to provide context and aid understanding of
the disclosure. Figure 1 is a line graph illustrating cooling

capacity (Q) and cooling efficiency (represented by a Co-
efficient of Performance (COP)) of a TEC versus an input
current supplied to the TEC. As the input current (I) of
the TEC increases, the cooling capacity of the TEC also
increases. The point on the cooling capacity (Q) curve
representing where a maximum amount of heat is being
removed by the TEC is denoted as Qmax. Thus, when
the TEC is operating at Qmax, the TEC is removing the
greatest amount of heat possible. The TEC operates at
Qmax when a corresponding maximum current Imax is pro-
vided to the TEC. Figure 1 also illustrates the COP of the
TEC as a function of input current (I). For cooling appli-
cations, the COP of a TEC is a ratio of heat removed
over an amount of work (energy) input to the TEC to
remove the heat. The amount of heat, or capacity, (Q) at
which the COP of the TEC is maximized is denoted as
QCOPmax. The TEC operates at QCOPmax when a current
ICOPmax is provided to the TEC. Thus, the efficiency (or
COP) of the TEC is maximized when the current ICOPmax
is provided to the TEC such that the TEC operates at
QCOPmax.
[0017] As discussed below in detail, in preferred em-
bodiments, a controller is arranged to control TECs (e.g.,
within one or more cartridges) such that during steady
state operation, one or more of the TECs are activated
and operated at QCOPmax and the remaining TECs are
deactivated to maximize efficiency. The number of TECs
activated, and conversely the number of TECs deacti-
vated, is dictated by demand. Conversely, during a tran-
sient condition such as pull down or recovery, one or
more (and possibly all) TECs are activated and operated
according to a desired performance profile. One example
of a desired performance profile involves activation and
operation of all present TECs at Qmax in order to minimize
pull down or recovery time. However, another desired
performance profile may alternatively provide a tradeoff
between pull down or recovery time and efficiency where,
for example, all present TECs are activated and are op-
erated at a point between QCOPmax and Qmax. It is to be
recognized that control of TECs is not limited to the fore-
going illustrative examples.
[0018] In certain embodiments, the controller 106 in-
cludes a hardware processor and associated memory,
such as may be arranged to store instructions that allow
the hardware processor to perform various control oper-
ations as described herein.
[0019] As noted above, Figure 1 illustrates the cooling
capacity and cooling efficiency of a single TEC. Increas-
ing the number of TECs linearly increases the heat re-
moval capacity without affecting the operating COP of a
thermoelectric cooling (e.g., refrigeration) system em-
ploying multiple TECs. Thus, if a thermoelectric cooling
system includes four TECs, then the heat removal ca-
pacity of the thermoelectric cooling system would be is
increased fourfold in comparison to an embodiment of a
thermoelectric cooling system that includes a single TEC
while allowing the entire system to, in some preferred
embodiments, operate at any of various states between
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off (where input current = 0), QCOPmax (where input cur-
rent = ICOPmax), and Qmax (where input current = Imax).
[0020] Before discussing details and operation of a
thermoelectric cooling system, it is beneficial to discuss
a multi-TEC cartridge enabling separate and selective
control of TECs. A representative multi-TEC cartridge
112 is illustrated in Figure 2. The cartridge 112 utilizes
multiple TECs 120a-120f. The use of multiple smaller
capacity TECs is beneficial relative to the use of a single
large capacity TEC because multiple TECs can be sep-
arately controlled to provide the desired performance un-
der varying conditions. In contrast, a single over-sized
TEC designed to provide a maximum desired capacity
for pull down or recovery would not provide the flexibility
of operating one or more TECs at or close to a maximum
efficiency value (QCOPmax). In other words, an over-sized
TEC designed to operate efficiently at maximum capacity
would not be capable of operating efficiently at low ca-
pacity, whereas one or more multiple smaller TECs can
be activated by a controller and operated at (or close to)
a maximum efficiency value over a wide range of oper-
ating conditions including steady state conditions. Any
one or more TECs 120a-120f or the entire cartridge 112
incorporating the TECs 120a-120b, may also be referred
to as a thermoelectric heat pump.
[0021] The cartridge 112 illustrated in Figure 2 is mere-
ly one example of a multi-TEC cartridge permitting sep-
arate and selective control of different subsets of TECs
according to a desired control scheme. In general, a mul-
ti-TEC cartridge may be configured to hold any number
of TECs and to allow any number of subsets of the TECs
to be separately controlled, with each subset generally
including one or more TECs. Further, different subsets
may include the same number or different numbers of
TECs. Additional details regarding multi-TEC cartridges
are disclosed in U.S. Patent Application Publication No.
2013/0291555 A1, entitled THERMOELECTRIC RE-
FRIGERATION SYSTEM CONTROL SCHEME FOR
HIGH EFFICIENCY PERFORMANCE.
[0022] As illustrated in Figure 2, the cartridge 112 in-
cludes TECs 120a-120f (more generally referred to here-
in collectively as TECs 120 and individually as TEC 120)
disposed on an interconnect board 122. The TECs 120
are thin film devices. Some non-limiting examples of thin
film TECs are disclosed in U.S. Patent No. 8,216,871,
entitled METHOD FOR THIN FILM THERMOELECTRIC
MODULE FABRICATION. The interconnect board 122
includes electrically conductive traces 124a-124d (more
generally referred to herein collectively as traces 124 and
individually as trace 124) that define four subsets of TECs
120a-120f. In particular, TECs 120a-120b are electrically
connected in series with one another via the trace 124a
and form a first subset of the TECs 120. Likewise, the
TECs 120c-120d are electrically connected in series with
one another via the trace 124b and form a second subset
of the TECs 120. TEC 120e is connected to trace 124d
and forms a third subset of the TECs 120, while TEC
120f is connected to trace 124c and forms a fourth subset

of the TECs 120. A controller such as described herein
can selectively control the first subset of TECs 120 (i.e.,
TECs 120a and 120b) by controlling a current applied to
trace 124a, can selectively control the second subset of
TECs 120 (i.e., TECs 120c and 120d) by controlling a
current applied to trace 124b, can selectively control the
third subset of TECs 120 (i.e., TEC 120e) by controlling
a current applied to trace 124d, and can selectively con-
trol the fourth subset of TECs 120 (i.e., TEC 120f) by
controlling a current applied to trace 124c. Thus, using
TECs 120a and 120b as an example, a controller can
selectively activate/deactivate TECs 120a and 120b by
either removing current from the trace 124a (deactivate)
or by applying a current to the trace 124a (activate), se-
lectively increase or decrease the current applied to the
trace 124a while the TECs 120a and 120b are activated,
and/or control the current applied to the trace 124a in
such a manner as to control a duty cycle of the TECs
120a and 120b following activation (e.g., by pulse width
modulation of the current).
[0023] The interconnect board 122 includes openings
126a and 126b (more generally referred to herein collec-
tively as openings 126 and individually as opening 126)
that expose bottom surfaces of TECs 120a -120f. When
the cartridge 112 is disposed between a hot side (reject)
heat exchanger and a cold side (accept) heat exchanger
(such as shown in Figure 3), the openings 126a and 126b
enable faces of the TECs 120a-120f to be thermally cou-
pled to the appropriate heat exchanger.
[0024] In accordance with embodiments of the present
disclosure, during operation, a controller as described
herein can selectively activate or deactivate any combi-
nation of the subsets of the TECs 120 by applying or
removing current from the corresponding traces 124a -
124d. Further, a controller can control operating points
of active TECs 120 by controlling the amount (or duty
cycle) of current provided to the corresponding traces
124a-124d. For example, if only the first subset of the
TECs 120 is to be activated and operated at QCOPmax
during steady state operation, then a controller may pro-
vide current at a value of ICOPmax to the trace 124a to
thereby activate the TECs 120a and 120b and operate
the TECs 120a and 120b at QCOPmax, while removing
current from the other traces 124b - 124d to thereby de-
activate the other TECs 120c-120f.
[0025] Figure 3 illustrates a thermoelectric refrigera-
tion system 100 to aid understanding of embodiments of
the disclosure. As illustrated, the thermoelectric refriger-
ation system 100 includes a cooling chamber 102, a heat
exchanger 104, and a controller 106 that controls cooling
within the cooling chamber 102. The heat exchanger 104
includes a hot side heat exchange element 108, a cold
side heat exchange element 110, and a cartridge 112
including multiple TECs (which may correspond to the
cartridge 112 and TECs 120 illustrated in FIG. 2), wherein
each TEC has a cold side that is thermally coupled with
the cold side (accept) heat exchange element 110 and
a hot side that that is thermally coupled with the hot side
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(reject) heat exchange element 108. Such TECs are pref-
erably thin film devices. When one or more TECs are
activated by the controller 106, the activated TEC(s) op-
erate to heat the hot side heat exchange element 108
and cool the cold side heat exchange element 110 to
thereby facilitate heat transfer to extract heat from the
cooling chamber 102. More specifically, when one or
more of TECs are activated, the hot side heat exchange
element 108 is heated to thereby create an evaporator
and the cold side heat exchange element 110 is cooled
to thereby create a condenser.
[0026] Acting as a condenser, the cold side heat ex-
change element 110 facilitates heat extraction from the
cooling chamber 102 via an accept loop 114 coupled with
the cold side heat exchange element 110. The accept
loop 114 is thermally coupled to an interior wall 115 of
the thermoelectric refrigeration system 100. The interior
wall 115 defines the cooling chamber 102. In one em-
bodiment, the accept loop 114 is either integrated into
the interior wall 115 or integrated directly onto the surface
of the interior wall 115. The accept loop 114 is formed
by any type of plumbing that allows for a cooling medium
(e.g., a two-phase coolant) to flow or pass through the
accept loop 114. Due to the thermal coupling of the ac-
cept loop 114 and the interior wall 115, the cooling me-
dium extracts heat from the cooling chamber 102 as the
cooling medium flows through the accept loop 114. The
accept loop 114 may be formed of, for example, copper
tubing, plastic tubing, stainless steel tubing, aluminum
tubing, or the like.
[0027] The condenser formed by the cold side heat
exchange element 110 and the accept loop 114 operates
according to any suitable heat exchange technique. In
one preferred embodiment, the accept loop 114 operates
in accordance with thermosiphon principles (i.e., acts as
a thermosiphon) such that the cooling medium travels
from the cold side heat exchange element 110 through
the accept loop 114 and back to the cold side heat ex-
change element 110 to thereby cool the cooling chamber
102 using two-phase, passive heat transport. (As an al-
ternative, the accept loop 114 may be replaced with a
heatpipe including a wicking medium whereby capillary
forces in the wick ensure return of liquid from the hot end
to the cold, as opposed to a thermosiphon which is gravity
driven without requiring a wicking medium.) In particular,
passive heat exchange occurs through natural convec-
tion between the cooling medium in the accept loop 114
and the cooling chamber 102. In one embodiment, the
cooling medium is in liquid form when the cooling medium
comes into thermal contact with the cooling chamber 102.
Specifically, passive heat exchange occurs between the
environment in the cooling chamber 102 and the cooling
medium within the accept loop 114, such that the tem-
perature in the cooling chamber 102 decreases and the
temperature of the cooling medium increases and/or un-
dergoes a phase change. When the temperature of the
cooling medium increases, the density of the cooling me-
dium decreases, such as through evaporation. As a re-

sult, the cooling medium moves in an upward direction
via buoyancy forces in the accept loop 114 towards the
heat exchanger 104 and specifically towards the cold
side heat exchange element 110. The cooling medium
comes into thermal contact with the cold side heat ex-
change element 110, where heat exchange occurs be-
tween the cooling medium and the cold side heat ex-
change element 110. When heat exchange occurs be-
tween the cooling medium and the cold side heat ex-
change element 110, the cooling medium condenses and
again flows through the accept loop 114 via gravity in
order to extract additional heat from the cooling chamber
102. Thus, in some embodiments, the accept loop 114
functions as an evaporator when cooling the cooling
chamber 102.
[0028] As noted above, the heat exchanger 104 in-
cludes the cartridge 112 disposed between the hot side
heat exchange element 108 and the cold side heat ex-
change element 110. The TECs in the cartridge 112 have
hot sides (i.e., sides that are hot during operation of the
TECs) that are thermally coupled with the hot side heat
exchange element 108 and cold sides (i.e., sides that are
cold during operation of the TECs) that are thermally cou-
pled with the cold side heat exchange element 110. The
TECs within the cartridge 112 effectively facilitate heat
transfer between the cold side heat exchange element
110 and the hot side heat exchange element 108. More
specifically, when heat transfer occurs between the cool-
ing medium in the accept loop 114 and the cold side heat
exchange element 110, the active TECs transfer heat
between the cold side heat exchange element 110 and
the hot side heat exchange element 108.
[0029] Acting as an evaporator, the hot side heat ex-
change element 108 facilitates rejection of heat to an
environment external to the cooling chamber 102 via a
reject loop 116 coupled to the hot side heat exchange
element 108. The reject loop 116 is thermally coupled to
an outer wall 118, or outer skin, of the thermoelectric
refrigeration system 100. The outer wall 118 is in direct
thermal contact with the environment external to the cool-
ing chamber 102. Further, the outer wall 118 is thermally
isolated from the accept loop 114 and the interior wall
115 (and thus the cooling chamber 102) by, for example,
appropriate insulation. In one embodiment, the reject
loop 116 is integrated into the outer wall 118 or integrated
onto the surface of the outer wall 118. The reject loop
116 is formed of any type of plumbing that allows a heat
transfer medium (e.g., a two-phase coolant) to flow or
pass through the reject loop 116. Due to the thermal cou-
pling of the reject loop 116 and the external environment,
the heat transfer medium rejects heat to the external en-
vironment as the heat transfer medium flows through the
reject loop 116. The reject loop 116 may be formed of,
for example, copper tubing, plastic tubing, stainless steel
tubing, aluminum tubing, or the like.
[0030] The evaporator formed by the hot side heat ex-
change element 108 and the reject loop 116 operates
according to any suitable heat exchange technique. In
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one preferred embodiment, the reject loop 116 operates
in accordance with thermosiphon principles (i.e., acts as
a thermosiphon) such that the heat transfer medium trav-
els from the hot side heat exchange element 108 through
the reject loop 116 and back to the hot side heat exchange
element 108 to thereby reject heat using two-phase, pas-
sive heat transport. In particular, the hot side heat ex-
change element 108 transfers heat received from the
cold side heat exchange element 110 to the heat transfer
medium within the reject loop 116. (Alternatively, the re-
ject loop 116 may be replaced with a heatpipe.) Once
heat is transferred to the heat transfer medium, the heat
transfer medium changes phase and travels through the
reject loop 116 and comes into thermal contact with the
outer wall 118 such that heat is expelled to an environ-
ment (e.g., an ambient environment) external to the cool-
ing chamber 102. When the heat transfer medium within
the reject loop 116 is in direct thermal contact with the
outer wall 118, passive heat exchange occurs between
the heat transfer medium in the reject loop 116 and the
ambient environment. As is well known, the passive heat
exchange causes condensation of the heat transfer me-
dium within the reject loop 116, such that the heat transfer
medium travels back to the heat exchanger 104 by force
of gravity. Thus, the reject loop 116 functions as a con-
denser when rejecting heat to the environment external
to the cooling chamber 102.
[0031] In certain embodiments, the heat exchanger
104 is not in direct thermal contact with the cooling cham-
ber 102 and is instead thermally isolated from the cooling
chamber 102. Likewise, the heat exchanger 104 is not
in direct thermal contact with the outer wall 118 and is
instead thermally isolated from the outer wall 118. Ac-
cordingly, as will be detailed below, the heat exchanger
104 is thermally isolated from both the cooling chamber
102 and the outer wall 118 of the thermoelectric refrig-
eration system 100. Importantly, this provides a thermal
diode effect by which heat is prevented from leaking back
into the cooling chamber 102 when the TECs are deac-
tivated.
[0032] The controller 106 operates to control TECs
within the cartridge 112 in order to maintain a desired set
point temperature within the cooling chamber 102. In
general, the controller 106 operates to selectively acti-
vate/deactivate the TECs, selectively control an input
current of the TECs, and/or selectively control a duty cy-
cle of the TECs to maintain the desired set point temper-
ature. Further, in preferred embodiments, the controller
106 is enabled to separately, or independently, control
one or more and, in some embodiments, two or more
subsets of the TECs, where each subset includes one or
more different TECs. Thus, as an example, if there are
four TECs in the cartridge 112, the controller 106 may
be enabled to separately control a first individual TEC, a
second individual TEC, and a group of two TECs (i.e., a
first and a second individual TEC and a group of two
TECs). By this method, the controller 106 can, for exam-
ple, selectively activate one, two, three, or four TECs

independently, at maximized efficiency, as demand dic-
tates.
[0033] Continuing this example, the controller 106 may
be enabled to separately and selectively control: (1) ac-
tivation/deactivation of the first individual TEC, an input
current of the first individual TEC, and/or a duty cycle of
the first individual TEC; (2) activation/deactivation of the
second individual TEC, an input current of the second
individual TEC, and/or a duty cycle of the second indi-
vidual TEC; and (3) activation/deactivation of the group
of two TECs, an input current of the group of two TECs,
and/or a duty cycle of the group of two TECs. Using this
separate selective control of the different subsets of the
TECs, the controller 106 preferably controls the TECs to
enhance efficiency of the thermoelectric refrigeration
system 100. For example, the controller 106 may control
the TECs to maximize efficiency when operating in a
steady state mode, such as when the cooling chamber
102 is at the set point temperature or within a predefined
steady state temperature range. However, during pull
down or recovery, the controller 106 may control the
TECs to achieve a desired performance such as, for ex-
ample, maximizing heat extraction from the cooling
chamber 102, providing a tradeoff between pull down/re-
covery times and efficiency, or the like.
[0034] While the preceding discussion of Figures 2 and
3 describe embodiments enabling selective control of dif-
ferent TECs on a single cartridge 112, it is to be recog-
nized that similar principles may be used to control mul-
tiple TECs that may be disposed on separate cartridges
(e.g., each having one or more TECs) or other substrates,
which may be arranged between paired surfaces of one
or more heat exchanger assemblies (e.g., between a first
cold (accept) side heat exchanger paired with a first hot
(reject) side heat exchanger, or between first and second
cold (accept) side heat exchangers paired with respec-
tive first and second hot (reject) side heat exchangers).
[0035] As noted previously, the thermoelectric refrig-
eration system 100 described in connection with Figure
3 may utilize a passive heat accept subsystem and a
passive heat reject system, which may each include a
thermosiphon or a heatpipe. Such passive subsystems
are beneficially devoid of moving parts and therefore are
highly reliable, and also may operate silently. Passive
heat accept and passive heat reject subsystems, how-
ever, can suffer from lack of available surface area during
periods of high heat loading (e.g., transient conditions),
and passive heat reject subsystems can suffer from lack
of available surface area during high temperature reject
conditions - but such subsystems can provide perfectly
adequate heat transfer utility during steady state condi-
tions.
[0036] To overcome limitations of passive heat accept
and/or passive heat reject subsystems which may be
used for cooling chambers or surfaces, such subsystems
may be augmented with at least one selectively operable
forced convection stage according to certain embodi-
ments of the present disclosure. In certain embodiments,
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a forced convection unit may include one or more fans,
blowers, eductors, or other draft inducing elements. Al-
though certain embodiments disclosed herein refer to
use of fans, it is to be appreciated that a fan represents
merely one type of forced convection unit, and any suit-
able types of forced convection unit may be employed,
whether in lieu of or including fans. By utilizing at least
one forced convection unit that is only energized during
high heat loading conditions and/or high temperature
heat reject conditions, heat accept and/or heat reject sub-
systems can provide sufficient capacity to allow for tran-
sient high heat load handling capability, while maintaining
benefits of fully passive heat transport during normal
(e.g., steady state) operating conditions.
[0037] In certain embodiments, a forced convection
boost stage may be used to augment a passive single
phase reject system or accept system which may be used
to cool a chamber or surface. In certain embodiments, a
forced convection boost stage may be used to augment
a passive two-phase reject system or accept system
which may be used to cool a chamber or surface. In cer-
tain embodiments, at least one forced convection unit
may be arranged proximate to at least one heat exchang-
er at the accept side and/or at the reject side of a heat
transport system.
[0038] In certain embodiments, at least one forced con-
vection unit is operated during periods of high heat load-
ing (e.g., transient conditions such as pull down or re-
covery) and/or high temperature reject conditions, but
not operated during normal conditions (e.g., involving
steady state heat load and typical ambient environment
conditions) when the passive heat transport subsys-
tem(s) are preferably sufficient for heat to be accepted
from the surface or chamber to be cooled and/or for heat
to be rejected to an ambient environment. During initial
cool-down, in elevated ambient conditions, or in re-
sponse to abnormal internal loading, at least one forced
convection unit may be energized to assist a primary pas-
sive transport system to remove or mitigate the abnormal
condition. During normal operation in standard environ-
mental conditions, the forced convection unit(s) would
be fully un-energized, thereby allowing for fully passive
operation and avoiding power consumption and noise
inherent to operation of the forced convection unit(s).
Thus, in preferred embodiments, a primary passive heat
transport subsystem is preferably sufficient to handle op-
erational loading in all conditions, whereas one or more
forced convection units are selectively operable as a sec-
ondary subsystem to provide a performance boost when
desired, but the forced convection unit(s) are not required
for basic system performance and therefore would not
affect overall system reliability.
[0039] While interior and exterior forced convection
units are described herein, certain embodiments may uti-
lize only interior forced convection or only exterior forced
convection. In certain embodiments, multiple interior
forced convection units and/or multiple exterior forced
convection units may be provided. In certain embodi-

ments, multiple interior fans and/or multiple exterior fans
may be provided, and may be independently controllable
to permit similarly situated fans to be sequentially oper-
ated or operated together as necessary to meet thermal
demand or other requirements. In certain embodiments,
one or more forced convection units may be controlled
with a multi-stage or variable speed controller in order to
permit convective flow to be varied depending on de-
mand and/or power or noise limitations.
[0040] In certain embodiments, a controller receives
temperature data indicative of at least one of (i) temper-
ature of an ambient environment containing the heat
transport system, and (ii) temperature of a chamber or
surface to be cooled. The controller activates at least one
forced convection unit upon detection of a condition in-
dicative of at least one of the following states: tempera-
ture of the chamber or surface exceeds a steady state
temperature range that includes the set point tempera-
ture or set point temperature range, and temperature of
an ambient environment exceeds an ambient environ-
ment threshold temperature or ambient environment
threshold temperature range. The controller deactivates
at least one forced convection unit upon detection of a
condition indicative of at least one of the following states:
temperature of the chamber or surface is within the
steady state temperature range, and/or temperature of
an ambient environment is below the ambient environ-
ment threshold temperature or ambient environment
threshold temperature range.
[0041] Figure 4 is a perspective view of at least a por-
tion of a heat transport system 200 including a forced
convection unit (e.g., a fan) 221 arranged to enhance
cooling of heat exchanger 208 in thermal communication
with a fluid-containing conduit or loop 214 according to
one embodiment of the present disclosure. The heat
transport system 200 may preferably be used as part of
a thermoelectric cooling system, but is not limited to use
with thermoelectric cooling elements. The fluid-contain-
ing conduit or loop 214 is preferably arranged for passive
movement of a heat transfer fluid, and may embody a
thermosiphon or a heatpipe. A fitting 209 may be provided
in fluid communication with the fluid-containing conduit
or loop 214 to permit addition of heat transfer fluid. The
heat transport system 200 may be arranged in thermal
communication with at least one surface or chamber (not
shown) to be cooled, such as by placing a portion of the
fluid-containing conduit or loop 214, or by placing a sur-
face of the heat exchanger 208, in thermal communica-
tion with the surface or chamber to be cooled. In certain
embodiments, the heat exchanger 208 may be arranged
in conductive thermal communication with at least one
TEC or thermoelectric cartridge (not shown) as described
previously herein. In certain embodiments, the fluid-con-
taining conduit or loop 214 and the heat exchanger 208
may be utilized on the accept (cold) side of a refrigeration
or cooling system. In certain embodiments, the fluid-con-
taining conduit or loop 214 and the heat exchanger 208
may be utilized on the reject (hot) side of a refrigeration
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or cooling system, with the heat exchanger 208 serving
as a heat sink to dissipate heat to an ambient environ-
ment. In preferred embodiments, the forced convection
unit 221 is selectively operable to be operated only during
high heat-loading conditions and/or high temperature
heat reject conditions, and the forced convection unit 221
is de-energized during steady state and/or normal ambi-
ent conditions, when the fluid-containing conduit or loop
214 and heat exchanger 208 are operated passively with-
out need for enhanced heat transport via forced convec-
tion.
[0042] Figure 5 is a perspective view of at least a por-
tion of a heat transport system 250 including a selectively
operable forced convection unit 271 arranged to enhance
cooling of a fluid-containing finned heat sink 277 in ther-
mal communication with a heat exchanger 258 by way
of a fluid-containing conduit or loop 264 according to one
embodiment of the present disclosure. The heat transport
system 250 may preferably be used as part of a thermo-
electric cooling system, but is not limited to use with ther-
moelectric cooling elements. The fluid-containing conduit
or loop 264 is preferably arranged for passive movement
of a heat transfer fluid, and may embody a thermosiphon
or a heatpipe. A fitting 259 may be provided in fluid com-
munication with the fluid-containing conduit or loop 264
to permit addition of heat transfer fluid. The heat transport
system 250 may be arranged in thermal communication
with at least one surface or chamber (not shown) to be
cooled, such as by placing a portion of the fluid-containing
conduit or loop 264, or by placing a surface of the heat
exchanger 258, in thermal communication with the sur-
face or chamber to be cooled. In certain embodiments,
the heat exchanger 258 may be arranged in conductive
thermal communication with at least one TEC or thermo-
electric cartridge (not shown) as described previously
herein. In certain embodiments, the fluid-containing con-
duit or loop 264 and the heat exchanger 258 may be
utilized on the accept (cold) side of a refrigeration or cool-
ing system. In certain embodiments, the fluid-containing
conduit or loop 264 and the heat exchanger 258 may be
utilized on the reject (hot) side of a refrigeration or cooling
system, with the fluid-containing finned heat sink 277
serving to dissipate heat to an ambient environment. In
preferred embodiments, the forced convection unit 271
is selectively operable to be operated only during high
heat-loading conditions and/or high temperature heat re-
ject conditions, and the forced convection unit 271 is de-
energized during steady state and/or normal ambient
conditions, when the fluid-containing conduit or loop 264,
heat exchanger 258, and finned heat sink 277 are oper-
ated passively without need for enhanced heat transport
via forced convection.
[0043] Figure 6 illustrates a thermoelectric cooling or
refrigeration system 300 according to one embodiment
of the present disclosure. The cooling or refrigeration sys-
tem 300 includes a cooling chamber 302 that is bounded
by an interior wall 303, which is surrounded by an outer
wall 301 or outer skin. Thermal insulation (not shown) is

preferably provided between the interior wall 303 and the
outer wall 301. A primary accept loop or conduit 308 is
arranged in thermal communication with the cooling
chamber 302, such as by being in contact with the interior
wall 303 or integrated directly onto a surface of the interior
wall 303. A secondary accept loop or conduit 309 may
optionally include at least one accept side heat exchang-
er 307 (which may include fins 305) arranged to receive
air from an interior forced convection unit 311 disposed
within the cooling chamber 302. The interior forced con-
vection unit 311 may be selectively operated to enhance
transfer of heat from the cooling chamber 302 to the sec-
ondary accept loop or conduit 309, such as may be de-
sirable during pull down or recovery, but the interior
forced convection unit 311 may be de-energized during
steady state conditions. The interior forced convection
unit 311 may alternatively (or additionally) be operated
to reduce stratification of temperature within the cooling
chamber 302, such as may be detected by multiple tem-
perature sensors (not shown) in thermal communication
with the cooling chamber 302 or the interior wall 303. The
accept loops or conduits 308, 309 are arranged in contact
with a cold (accept) side heat exchanger 310.
[0044] Continuing to refer to Figure 6, a thermoelectric
heat exchange assembly includes the cold (accept) side
heat exchanger 310, at least one thermoelectric cartridge
312 incorporating TECs, and a hot (reject) side heat ex-
changer 314. The hot (reject) side heat exchanger 314
is in thermal communication with fluid-containing con-
duits or loops 316A, 316C (each preferably arranged for
passive movement of a heat transfer fluid, and as may
be embodied in thermosiphons or heatpipes) arranged
to dissipate heat to a hot (reject) side heat sink 315 in-
cluding multiple arrays of fins 317A, 317B. Within the hot
(reject) side heat sink 315, a first fluid-containing loop or
conduit 316A is in conductive thermal communication
with a first array of fins 317A, and a second fluid-contain-
ing loop or conduit 316B is in conductive thermal com-
munication with a second array of fins 317B. At least one
exterior forced convection unit 321 is arranged to en-
hance dissipation of heat from the hot (reject) side heat
sink 315. The exterior forced convection unit 321 may be
selectively operated to enhance transfer of heat from the
hot (reject) side heat sink 315 to an ambient environment,
such as may be desirable during pull down or recovery
and/or abnormally high reject temperature conditions,
but the exterior forced convection unit 321 may be de-
energized during steady state conditions. The thermoe-
lectric cartridge 312 and the forced convection units 311,
321 are controlled by a controller 306 associated with
the thermoelectric cooling or refrigeration system 300.
Although Figure 6 illustrates a single thermoelectric heat
exchange assembly (e.g., including a cold (accept) side
heat exchanger 310, at least one thermoelectric cartridge
312 incorporating TECs, and a hot (reject) side heat ex-
changer 314), a single hot (reject) side heat sink 315, a
single interior forced convection unit 311, and a single
exterior forced convection unit 321, it is to be appreciated
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that two or more of the foregoing assemblies or compo-
nents may be provided in certain embodiments, such as
to provide increased cooling capacity, separate control
of different cooling chambers or zones (or portions) there-
of, and/or to enhance reliability.
[0045] Figure 7 is a schematic diagram illustrating in-
terconnections between power, sensory, control, and us-
er interface components of a thermoelectric cooling or
refrigeration system such as the system 300 of Figure 6
according to one embodiment of the present disclosure.
In addition to the controller 306 and thermoelectric car-
tridge 312 shown in Figure 6, Figure 7 illustrates that a
thermoelectric cooling or refrigeration system may in-
clude a user interface 376, a power source 378, an ac-
cessory (ACC) 380, power electronics 382, temperature
sensors 354-356, and fans (or other forced convection
units) 311, 321. The user interface 376 allows a user to
input various control parameters associated with the ther-
moelectric cooling or refrigeration system 300, including
at least one set point temperature of the cooling chamber
302. In certain embodiments, input control parameters
may additionally include values for a steady state range
of temperatures. In certain embodiments, the user inter-
face 376 may additionally allow the user or a manufac-
turer of the thermoelectric refrigeration system to define
a maximum allowable temperature for the hot (reject)
side heat exchanger 314, current values associated with
ICOPmax, and Imax, and/or other parameters. In certain
embodiments, some or all control parameters may be
programmed or hard-coded into the controller 306.
[0046] The power source 378 provides electric power
to the controller 306, the accessory 380, and the power
electronics 382. The accessory 380 may include a cham-
ber light and/or a communication module for expanded
capabilities. In an embodiment where the accessory 380
is a communication module, the accessory 380 may com-
municate with remote devices, such as, but not limited
to: a cellular telephone, a remotely located computing
device, or even other appliances and thermoelectric cool-
ing or refrigeration systems. In an embodiment where
the accessory 380 communicates with a cellular tele-
phone or a remotely located computing device, the ac-
cessory 380 can provide operational parameters (e.g.,
temperature data) of the thermoelectric cooling or refrig-
eration system 300 and the cooling chamber 302 to a
remote device or entity. In an embodiment where the
accessory 380 communicates with other thermoelectric
refrigeration systems, the accessory 380 may communi-
cate operational parameters of the thermoelectric cooling
or refrigeration system 300 to the other thermoelectric
refrigeration systems, such as the set point temperature,
upper and lower thresholds of the set point temperature,
a maximum allowable temperature of the cooling cham-
ber 302, the maximum allowable temperature of the hot
(reject) side heat exchanger 314, or the like.
[0047] The power electronics 382 generally operate to
provide current to the thermoelectric cartridge 312 and
TECs 320 in response to control signals from the con-

troller 306. In certain embodiments, the power electronics
382 may independently provide current to different sub-
sets of the TECs 320. In certain embodiments, duty cy-
cles of different subsets of the TECs 320 are also con-
trolled. In this case, the power electronics 382 may pro-
vide a pulse width modulation function by which duty cy-
cles of the different subsets of the TECs 320 may be
controlled.
[0048] As shown in Figure 7, the controller 306 is ar-
ranged to receive temperature data from temperature
sensors 354-356, wherein the temperature data may in-
clude one or more of the following: temperature (TCH) of
the cooling chamber 302 sensed by a first temperature
sensor 354, temperature of an ambient environment
(TAmb) sensed by a second temperature sensor 355, and
temperature (TR) of the hot (reject) side heat exchanger
314 (or of the hot (reject) side heat sink 315) sensed by
a third temperature sensor 356. Based on the tempera-
ture data, the controller 306 determines a current mode
of operation of the thermoelectric cooling or refrigeration
system 300. As illustrated in Figure 7, potential modes
of operation according to certain embodiments include a
pull down mode 358, a steady state mode 360, an over
temperature mode 362, and a recovery mode 363. The
pull down mode 358 generally occurs when the thermo-
electric cooling or refrigeration system 300 is first pow-
ered on and it is necessary to reduce (or ’pull down’)
temperature within the cooling chamber 302. The steady
state mode 360 occurs when the temperature of the cool-
ing chamber 302 is at or near the desired set point tem-
perature. In particular, the temperature of the cooling
chamber 302 is at or near the desired set point temper-
ature when the temperature of the cooling chamber 302
is within a predefined steady state range that includes
the set point temperature (e.g., the set point temperature
of the cooling chamber 302 6 2 degrees). An over tem-
perature mode 362 may be detected when the temper-
ature on the hot (reject) side heat exchanger 314 is above
a predefined maximum allowable temperature, such as
may occur when ambient temperature conditions exceed
a normal range and/or when the cooling chamber 302
does not properly cool down (e.g., if a door to the cooling
chamber 302 is not closed). The over temperature mode
362 is a safety mode during which the exterior fan(s) 321
are activated to enhance heat transfer from the hot (re-
ject) side heat sink 315 to the ambient environment to
seek to reduce temperature of the hot (reject) side heat
exchanger 314 so as to reduce the hot side temperature
of the TECs 320 in order to protect the TECs 320 from
damage. If operation of the exterior fan(s) 321 is not suf-
ficient to reduce temperature at the hot (reject) side heat
exchanger 314 (and at the hot side of the TECs 320),
then supply of current to the TECs may be limited in order
to reduce heat input to the TECs 320 to prevent damage.
Lastly, the recovery mode 363 is when the temperature
of the cooling chamber 302 increases outside of the
steady state range due to, for example, heat leak into the
cooling chamber 302, opening of a door of the cooling
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chamber 302, or the like.
[0049] Operation of the controller 306 in the different
modes 358, 360, 362, and 363 (as depicted in Figure 7)
according to certain embodiments of the present
disclosure is illustrated in Figure 8. When operating in
the pull down mode 358, the controller 306 controls the
currents to all of the TECs 320 associated with the at
least one cartridge 312 such that all of the TECs 320
operate at a power level between QCOPmax and Qmax
(corresponding to a current between ICOPmax and Imax)
as the desired performance profile dictates, and one or
both of the fans (or other forced convection units) 311,
321 are operated to enhance convective heat transfer.
The controller 306 determines when the thermoelectric
cooling or refrigeration system 300 is in the pull down
mode 358 based on, for example, being initially powered
on, such as when the thermoelectric cooling or
refrigeration system 300 is first purchased or after the
thermoelectric cooling or refrigeration system 300 is
powered on after becoming disconnected from a power
source. The controller 306 maintains all of the TECs 320
at a power level between QCOPmax and Qmax and
maintains the fans 311, 321 in operation until the
temperature of the cooling chamber 302 is pulled down
to the set point temperature or within an acceptable range
of the set point temperature, as shown with reference to
block 366. Once the cooling chamber 302 is pulled down
to the set point temperature, the controller 306
deactivates the fans 311, 321 and controls operation of
the TECs 320 such that all of the TECs 320 operate at
QCOPmax by causing the current ICOPmax to be provided
to all operating TECs 320. The controller 306 may also
reduce the number of TECs 320 that are active or subject
to being activated once the cooling chamber 302 is pulled
down to the set point temperature.
[0050] As noted above, based on the temperature
data, the controller 306 determines when the
thermoelectric cooling or refrigeration system 300 is in
the steady state mode 360 (i.e., when the temperature
of the cooling chamber 302 is equal to the set point
temperature or within a predetermined range of the set
point temperature). When in steady state mode 360, the
controller 306 preferably deactivates any fans 311, 321
that may have been operating, and operates the required
number of the TECs 320 at QCOPmax as dictated by
demand. Under steady state conditions, passive heat
transport is preferably sufficient for heat to be accepted
from the surface or chamber to be cooled and/or for heat
to be rejected to an ambient environment without need
for forced convection by the fans 311, 321. In certain
embodiments, all of the TECs 320 may be operated at
QCOPmax in the steady state mode 360. During the steady
state mode 360, if QCOPmax > Qleak as shown with
reference to block 367, then the temperature of the
cooling chamber 302 will continue to decrease. In this
case, the controller 306 may reduce the duty cycle of the
activated TECs 320 as shown with reference to block
368. Conversely, if QCOPmax < Qleak as shown with

reference to block 369, then the temperature of the
cooling chamber 302 will increase. In this case, the
controller 306 may increase the number of active TECs
320 and adjust the current provided to the active TECs
320 to a value between ICOPmax and Imax as shown with
reference to block 370. In this context, Qleak refers to the
amount of heat leaking into the cooling chamber 302,
such as heat passing through a seal of a door of the
cooling chamber 302, heat conduction through walls
surrounding cooling chamber 302, or the like.
[0051] As mentioned above, the controller 306
determines if the thermoelectric cooling or refrigeration
system 300 is in the over temperature mode 362 based
on temperature data from one or more of the second
temperature sensor 355 (corresponding to TAmb) and the
third temperature sensor 356 (corresponding to (TR). An
over temperature mode 362 may be detected when the
temperature on the hot (reject) side heat exchanger 314
is above a predefined maximum allowable temperature,
such as may occur when ambient temperature conditions
exceed a normal range and/or when the cooling chamber
302 does not properly cool down (e.g., if a door to the
cooling chamber 302 is not closed). Referring to block
371, when over temperature mode 362 is detected, the
exterior fan(s) 321 are activated to enhance heat transfer
from the hot (reject) heat sink 315 to the ambient
environment to seek to reduce temperature of the reject
side of the hot (reject) side heat exchanger 314 in order
to protect the TECs 320 from damage. Referring to block
372, if operation of the exterior fan(s) 321 is not sufficient
to reduce temperature at the hot (reject) side heat
exchanger 314 (and at the hot side of the TECs 320),
then the controller 306 may decrease the temperature at
the hot (reject) side heat exchanger 314 by deactivating
or reducing current to some or all of the TECs 320 that
are facilitating cooling or by reducing the current being
provided to the TECs 320 in order to prevent damage.
For example, if all of the TECs 320 are operating, either
at QCOPmax or Qmax, then the controller 306 may
deactivate one or more of the TECs 320 or preferably all
of the TECs 320. In another example, if two subsets of
TECs 320 are operating at Qmax, then the controller 306
may deactivate the one subset of TECs such that only
the other subset of TECs 320 are operating at Qmax and
facilitating heat extraction from the cooling chamber 302.
In another example, if one subset of TECs 320 are
operating at QCOPmax, the controller 306 may deactivate
the active subset of TECs 320 and then activate a
previously inactive set of TECs 320 in order to maintain
the temperature of the cooling chamber 302 as close as
to the set point temperature as possible without harming
the thermoelectric cartridge 312. It should be noted that
the controller 306 may deactivate any number of active
TECs 320 and activate any number of the inactive TECs
320 in response to determining that the temperature of
the hot (reject) side heat exchanger 314 exceeds the
maximum allowable temperature.
[0052] As noted above, if the controller 306 determines
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that the temperature of the hot (reject) side heat exchang-
er 314 exceeds the predetermined maximum allowable
temperature, the controller 306 may reduce the current
being provided to some or all operating TECs 320 in ad-
dition to, or as an alternative to, deactivating some or all
of the TECs 320. To further illustrate this functionality, if
all of the TECs 320 are operating, either at QCOPmax or
Qmax, the controller 306 may decrease the amount of
current being provided to each of the TECs 320. For ex-
ample, if all of the TECs 320 are operating at Qmax, the
controller 306 may reduce the current from Imax to a value
that is between ICOPmax and Imax. In addition, if all of the
TECs 320 are operating at QCOPmax or Qmax, the con-
troller 306 may only reduce the current provided to some
of the TECs 320 in order to reduce the temperature of
the hot (reject) side heat exchanger 314. In a further em-
bodiment, the controller 306 may also deactivate some
of the TECs 320 and simultaneously decrease the current
to some or all of the TECs 320 that are still activated if
the temperature of the hot (reject) side heat exchanger
314 exceeds the predetermined maximum allowable
temperature.
[0053] When in the recovery mode 363, the controller
306 switches the active TECs 320 from operating at
QCOPmax to operating at Qmax, and further activates the
fans 311, 321 as shown at block 373. The recovery mode
363 occurs when, during steady state operation, the con-
troller 306 receives temperature data from the tempera-
ture sensor 354 indicating that the temperature within the
cooling chamber 302 has significantly increased above
the set point temperature within a short period of time.
Specifically, the thermoelectric cooling or refrigeration
system 300 may enter the recovery mode 363 when the
temperature within the cooling chamber 302 increases
above an upper threshold of the steady state range of
temperatures (e.g., increases above the set point tem-
perature plus some predefined value that defines the up-
per threshold of the desired steady state range). Such
operation is preferably maintained until steady state con-
ditions are attained.
[0054] It should be noted that the control blocks
366-373 illustrated in Figure 8 for the different modes
358, 360, 362, and 363 are mere examples. The manner
in which the controller 306 controls the TECs 320 and
fans 311, 321 in each of the modes 358, 360, 362, and
363 may vary depending on the particular implementa-
tion. In general, as discussed above, the controller 306
controls the TECs 320 to reduce the temperature of the
cooling chamber 302 when in either the pull down mode
358 or the recovery mode 363, and the fans 311, 321 are
activated. The exact manner in which these actions are
taken may vary. For example, if the performance profile
is that a minimum pull down or recovery time is desired,
the controller 306 can activate all of the TECs 320 at
Qmax with a 100% duty cycle (always on) while the fans
311, 321 are active. Conversely, if a trade-off between
pull down or recovery time and efficiency is desired, the
controller 306 can, for example, activate all of the TECs

320 at QCOPmax with a 100% duty cycle (always on) or
at anywhere in between QCOPmax and Qmax. In another
example, speed of one or more fans 311, 321 may be
adjusted stepwise or in a substantially continuous man-
ner, or similarly fans 311, 321 may be sequentially oper-
ated according to signals received from the controller
306. Adjustment of operation of fans 311, 321 may be
performed instead of or in addition to adjustment of op-
eration of various TECs 320. When in the steady state
mode 360, the controller 306 generally operates to main-
tain the set point temperature in an efficient manner. For
example, the controller 306 can operate the required
number of the TECs 320 (e.g., all of the TECs 320 or less
than all of the TECs 320) at QCOPmax based on load. This
predetermined number of the TECs 320 is a number of
the TECs 320 that is required to maintain the set point
temperature by operating at or near QCOPmax. If not all
of the TECs 320 are needed during the steady state mode
360, then the unneeded TECs 320 are deactivated. The
controller 306 can fine tune the operation of the activated
TECs 320 to precisely maintain the set point temperature
by, for example, slightly increasing or decreasing the in-
put current of the activated TECs 320 such that the ac-
tivated TECs 320 operate slightly above QCOPmax or by
increasing or decreasing the duty cycle of the activated
TECs 320 to compensate for Qleak.
[0055] In certain embodiments, one or more forced
convection units (e.g., fans) of a thermoelectric refriger-
ation system as disclosed herein may be operated by a
controller taking into account a set point temperature and
a temperature of an ambient environment. Generally,
when the ambient temperature rises and/or when a very
low set point temperature is selected, operation of one
or more forced convection units becomes more desirable
to permit the desired set point to be maintained at a safe
reject temperature (i.e., without overheating TECs). Fig-
ure 9 is a horizontal bar graph illustrating one example
of conditions under which a thermoelectric refrigeration
system may be operated in fan assist mode (with forced
convection) and in passive mode (without forced convec-
tion). Each horizontal bar illustrates a range of set point
and ambient temperatures, wherein it is understood that
the set point temperature should be less than the ambient
temperature for proper operation of a thermoelectric re-
frigeration system. The lowermost two horizontal bars of
Figure 9 illustrate that when the ambient temperature is
no greater than 21 °C or no greater than 25°C, and when
the set point temperature is no less than 5°C, fan assist
(i.e., forced convection) is not necessary, since a ther-
moelectric refrigeration system as disclosed herein can
safely attain the desired set point temperature with pas-
sive heat rejection alone (e.g., using a thermosiphon or
heatpipe in conjunction with an appropriate heat sink).
As the ambient temperature rises, however, the situation
changes. The third highest horizontal bar of Figure 9 il-
lustrates that fan assist (e.g., forced convection) is not
necessary when the ambient temperature is no greater
than 32°C and when the set point temperature is no less
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than 12°C; however, fan assist (forced convection) may
be necessary when the set point temperature is in range
of from 5°C to 12°C and the ambient temperature is no
greater than 32°C. The uppermost horizontal bar of Fig-
ure 9 further illustrates that fan assist (e.g., forced con-
vection) is not necessary when the ambient temperature
is no greater than 38°C and when the set point temper-
ature is no less than 18°C; however, fan assist (forced
convection) may be necessary when the set point tem-
perature is in range of from 8°C to 18°C and the ambient
temperature is no greater than 38°C. It is to be noted that
Figure 9 represents merely one representative example
of conditions under which a thermoelectric refrigeration
system may be operated in fan assist mode (with forced
convection) and in passive mode (without forced convec-
tion); other conditions may be used to dictate when forced
convection should be employed.
[0056] Consistent with the preceding discussion, in
certain embodiments a heat transport system arranged
to maintain a set point temperature or set point temper-
ature range of a chamber or surface may include multiple
elements, including: at least one heat exchanger; a fluid-
containing conduit containing a heat transport fluid in
thermal communication with the at least one heat ex-
changer; at least one forced convection unit that is se-
lectively operable to enhance convective heat transfer
relative to the at least one heat exchanger; and a con-
troller. The controller may be arranged to: receive tem-
perature data indicative of at least one of (i) temperature
of an ambient environment containing the heat transport
system, and (ii) temperature of the chamber or surface;
activate the at least one forced convection unit upon de-
tection of a condition indicative of at least one of the fol-
lowing states (a) and (b): (a) temperature of the chamber
or surface exceeds a steady state temperature range that
includes the set point temperature or set point tempera-
ture range, and (b) temperature of an ambient environ-
ment exceeds an ambient environment threshold tem-
perature or ambient environment threshold temperature
range; and deactivate the at least one forced convection
unit upon detection of a condition indicative of at least
one of the following states (I) and (II): (I) temperature of
the chamber or surface is within the steady state tem-
perature range, and (II) temperature of an ambient envi-
ronment is below the ambient environment threshold
temperature or ambient environment threshold temper-
ature range. In certain embodiments, the at least one
forced convection unit may include one or more fans,
blowers, eductors, or other draft inducing elements,
which may preferably be electrically operated.
[0057] Regarding the heat transport system of the pre-
ceding paragraph, in certain embodiments the at least
one heat exchanger, the fluid conduit, and the heat trans-
port fluid are arranged to maintain a set point temperature
or set point temperature range of a chamber or surface
without operation of the forced convection unit during
steady state operation when the temperature of the am-
bient environment does not exceed the ambient environ-

ment threshold temperature or ambient environment
threshold temperature range. The heat transport fluid in-
cludes a liquid phase and a gas phase within the fluid
conduit, and the heat transport fluid is arranged for pas-
sive flow within the fluid conduit. In certain embodiments,
the fluid conduit may include a thermosiphon or a heat-
pipe to facilitate passive flow of the fluid. In certain em-
bodiments, the at least one heat exchanger includes a
reject heat exchanger exposed to the ambient environ-
ment; and the at least one forced convection unit is ar-
ranged to enhance dissipation of heat from the reject
heat exchanger to the ambient environment. In certain
embodiments, the reject heat exchanger includes a plu-
rality of fins, and the fluid conduit is in conductive thermal
communication with the plurality of fins.
[0058] With continued reference to the heat transport
system of the preceding two paragraphs, in certain em-
bodiments the heat transport system may include at least
one thermoelectric heat pump arranged to receive heat
from the fluid conduit and transport heat to the reject heat
exchanger, wherein the at least one thermoelectric heat
pump is operated responsive to temperature of the cham-
ber or surface. In certain embodiments, the at least one
thermoelectric heat pump includes a plurality of thermo-
electric heat pumps, and the controller is arranged to
separately control at least two thermoelectric heat pumps
of the plurality of thermoelectric heat pumps. In certain
embodiments, the at least one heat exchanger comprises
an accept heat exchanger arranged between the cham-
ber or surface and the fluid conduit, and the at least one
forced convection unit is arranged to enhance transfer
of heat from the chamber or surface to the accept heat
exchanger. In certain embodiments, a condition indica-
tive of a state in which temperature of an ambient envi-
ronment exceeds an ambient environment threshold
temperature of ambient environment threshold temper-
ature range is detected by sensing a temperature of the
at least one heat exchanger.
[0059] Certain embodiments of the present disclosure
relate to a method of controlling a heat transport system
to maintain a set point temperature or set point temper-
ature range of a chamber or surface, with the heat trans-
port system in thermal communication with the at least
one heat exchanger, and at least one forced convection
unit that is selectively operable to enhance convective
heat transfer relative to the at least one heat exchanger.
Such a method may include multiple steps, such as: re-
ceiving temperature data indicative of at least one of (i)
temperature of an ambient environment containing the
heat transport system, and (ii) temperature of the cham-
ber or surface; activating the at least one forced convec-
tion unit upon detection of at least one condition indicative
of at least one of the following states (a) and (b): (a) tem-
perature of the chamber or surface exceeds a steady
state temperature range that includes the set point tem-
perature or set point temperature range, and (b) temper-
ature of an ambient environment exceeds an ambient
environment threshold temperature or ambient environ-
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ment threshold temperature range; and deactivating the
at least one forced convection unit upon detection of a
condition indicative of at least one of the following states
(I) and (II): (I) temperature of the chamber or surface is
within the steady state temperature range, and (II) tem-
perature of an ambient environment is below the ambient
environment threshold temperature or ambient environ-
ment threshold temperature range. In certain embodi-
ments, the at least one heat exchanger comprises a reject
heat exchanger exposed to the ambient environment;
the at least one forced convection unit is arranged to
enhance dissipation of heat from the reject heat exchang-
er to the ambient environment; the heat transport system
comprises at least one thermoelectric heat pump ar-
ranged to receive heat from the fluid conduit and transport
heat to the reject heat exchanger; and the method further
comprises selectively controlling the at least one forced
convection unit responsive to temperature of the cham-
ber or surface. In certain embodiments, the at least one
heat exchanger comprises an accept heat exchanger ar-
ranged between the chamber or surface and the fluid
conduit; the at least one forced convection unit is ar-
ranged to enhance transfer of heat from the chamber or
surface to the accept heat exchanger; the heat transport
system comprises at least one thermoelectric heat pump
arranged to receive heat from the accept heat exchanger;
and the method further comprises selectively controlling
the at least one forced convection unit responsive to tem-
perature of the chamber or surface.
[0060] Additional aspects of the disclosure are directed
to reject heat transport apparatuses that include first and
second reject heat sinks each coupled via main and
crossover transport tubes to first and second reject heat
exchangers. In particular, multiple reject heat sinks are
arranged in thermal communication, via main and cross-
over reject transport tubes, with multiple heat exchangers
each having a plurality of fins and each coupled to at
least one different thermoelectric heat pump. All reject
heat sinks are arranged to dissipate heat from each ther-
moelectric heat pump regardless of whether the thermo-
electric heat pumps are operated separately or together.
In an embodiment including first and second heat sinks,
both heat sinks are arranged to dissipate heat from first
and second thermoelectric heat pumps regardless of
whether the first, the second, or the first and second heat
pumps are in operation. As compared to use of reject
heat sinks that are dedicated to separate heat exchang-
ers (each having dedicated thermoelectric coolers), the
greater surface area associated with the multiple reject
heat sinks enhances heat transfer and results in lower
temperature at the thermoelectric heat pump(s) in oper-
ation.
[0061] One embodiment of a heat transport apparatus
according to the present disclosure is illustrated in Fig-
ures 11-12, while Figure 10 illustrates independent first
and second heat transport devices (each including a heat
sink, a heat exchange pad, and heat transport conduit)
that provide a basis for comparing the apparatus of Fig-

ures 11-12. Before discussing the heat transport appa-
ratus of Figures 11-12 and the independent devices of
Figure 10, context for such elements is briefly introduced
below.
[0062] Conventional refrigeration systems have two
primary design modes: high usage/pull-down (empha-
sizing high power input and high heat transport capacity
over energy efficiency) and steady state (involving lower
power input with a greater emphasis on energy efficien-
cy). In thermoelectric refrigeration systems, meeting re-
quirements for high heat transport under high usage/pull
down conditions and requirements for high efficiency un-
der steady state conditions tends to favor providing two
separate heat pumps (each including multiple TECs),
wherein one thermoelectric heat pump is used during
steady state conditions, and both thermoelectric heat
pumps are used during high heat transport conditions.
In such a traditional design, each thermoelectric heat
pump has its own dedicated heat dissipating components
(e.g., heat sink(s)) for rejecting heat, without thermal
communication between heat dissipating components
associated with different thermoelectric heat pumps.
[0063] Figure 10 illustrates independent first and sec-
ond heat transport devices 415, 415’. The first heat trans-
port device 415 includes a first heat exchange pad 414
that may be positioned to receive heat from the hot side
of a first thermoelectric cooling element (not shown), a
first heat sink embodying multiple arrays of fins 417A,
417B, and heat transport tubes 416A-416D arranged to
transport heat from the first heat exchange pad 414 to
the first heat sink (i.e., the arrays of fins 417A, 417B).
The second heat transport device 415’ includes a second
heat exchange pad 414’ that may be positioned to receive
heat from the hot side of a second thermoelectric cooling
element (not shown), a second heat sink embodying mul-
tiple arrays of fins 417A’, 417B’, and heat transport tubes
416A’-416D’ arranged to transport heat from the second
heat exchange pad 414’ to the second heat sink (i.e., the
arrays of fins 417A’, 417B’). No components of the first
heat transport device 415 are in conductive thermal com-
munication with any components of the second heat
transport device 415’. When the first and second heat
transport devices 415, 415’ are arranged to receive heat
from first and second thermoelectric heat pumps (not
shown), respectively, and the first and second heat
pumps are energized, temperatures of the respective
heat sinks are fairly uniform, with a temperature differ-
ences generally in a range of 0.5°C - 1.0°C depending
on location from top to bottom. However, when only one
thermoelectric heat pump is energized, temperature dif-
ferences between heat sinks associated with the different
thermoelectric heat pumps can rise to 5°C - 7°C or more.
Another shortcoming of the design of Figure 10 is that
the heat exchange pads 414, 414’ are spaced apart far-
ther than may be desirable.
[0064] Figures 11 and 12 illustrate a heat transport ap-
paratus 515 according to one embodiment of the present
disclosure. The heat transport apparatus 515 includes
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first and second heat exchange pads 514-1, 514-2 that
may be positioned to receive heat from the hot sides of
first and second thermoelectric heat pumps (not shown),
respectively, of a thermoelectric cooling or refrigeration
system. A first (upper) heat sink includes multiple arrays
of fins 517-1A, 517-1B that are coupled to the first heat
exchange pad 514-1 via main heat transport tubes 516-1
A through 516-1 D, and that are also coupled to the sec-
ond heat exchange paid 514-2 via crossover heat trans-
port tubes 518-2A, 518-2B. A second (lower) heat sink
includes multiple arrays of fins 517-2A, 517-2B that are
coupled to the second heat exchange pad 514-2 via main
heat transport tubes 516-2A through 516-2D, and that
are also coupled to the first heat exchange paid 514-1
via crossover heat transport tubes 518-1A, 518-1B. The
preceding fins are preferably vertically oriented. Each
heat transport tube preferably includes a heat transport
fluid and may be arranged for passive heat transport
(e.g., such as may be embodied in a heatpipe or ther-
mosiphon). As shown in Figure 12, each fin of the upper
arrays of fins 517-1A, 517-1B is laterally offset from other
fins within the respective array, includes multiple holes
or openings 522-1 extending through faces of the verti-
cally oriented fins to permit lateral movement or migration
of air between respective fins, is of a modified generally
rectangular shape including a flat bottom 519-1, flat
sides, and a generally arc-shaped top including a round-
ed portion 523-1 and an angled portion 524-1. As further
shown in Figure 12, each fin of the lower arrays of fins
517-2A, 517-2B is laterally offset from other fins of the
respective array, includes multiple holes or openings
522-2 extending through faces of the vertically oriented
fins to permit lateral movement or migration of air be-
tween respective fins, and is of a generally rectangular
shape including a flat bottom 519-1, flat sides, and a flat
top 525-2. As illustrated in Figures 11 and 12, a central
recess or valley extending in a generally vertical direction
is provided between arrays of the upper arrays of fins
517-1A, 517-1B and arrays of the lower arrays of fins
517-2A, 517-2B to permit fans or other forced convection
units (such as illustrated in Figures 15 and 16) to be ar-
ranged between respective arrays and proximate to the
first and second heat exchange pads 514-1, 514-2.
[0065] The heat transport apparatus 515 of Figures 11
and 12 permits all reject heat sinks (including arrays
517-1 A, 517-1 B, 517-2A, 517-2B) to dissipate heat from
each thermoelectric heat pump (not shown) in thermal
communication with the first and second heat exchange
pads 514-1, 514-2 regardless of whether the thermoe-
lectric heat pumps are operated separately or together.
As compared to use of heat transport devices 415, 415’
according to Figure 10, the greater surface area associ-
ated with the multiple reject heat sinks in thermal com-
munication with both the first and second heat exchange
pads 514-1, 514-2 enhances heat dissipation and results
in lower temperature at the thermoelectric heat pumps
in operation, particularly under conditions when only a
single thermoelectric heat pump is operated. In testing

performed by the applicants, a heat transport apparatus
515 according to Figures 11 and 12 has been shown to
provide an efficiency improvement of approximately 18%
compared to use of the two heat transport devices 414,
414’ according to Figure 10.
[0066] Consistent with the preceding discussion, in
certain embodiments a heat transport apparatus ar-
ranged to maintain a set point temperature includes: a
first reject heat exchanger in conductive thermal commu-
nication with a first thermoelectric heat pump arranged
to receive heat from the chamber; a second reject heat
exchanger in conductive thermal communication with a
second thermoelectric heat pump arranged to receive
heat from the chamber; a first reject heat sink comprising
a first plurality of fins; a second reject heat sink compris-
ing a second plurality of fins; and a plurality of reject trans-
port tubes including: at least one first main reject transport
tube arranged to transport heat from the first reject heat
exchanger to the first reject heat sink; at least one first
crossover reject transport tube arranged to transport heat
from the first reject heat exchanger to the second reject
heat sink; at least one second main reject transport tube
arranged to transport heat from the second reject heat
exchanger to the second reject heat sink; and at least
one second crossover reject transport tube arranged to
transport heat from the second reject heat exchanger to
the first reject heat sink.
[0067] With continued reference to the heat transport
apparatus of the preceding paragraph, in certain embod-
iments each reject transport tube of the plurality of reject
transport tubes comprises a thermosiphon or a heatpipe.
In certain embodiments, the apparatus further includes
a controller arranged to receive temperature data indic-
ative of a temperature of the chamber, and to selectively
control the first thermoelectric heat pump and the second
thermoelectric heat pump responsive to the temperature
data. In certain embodiments, the apparatus further in-
cludes at least one forced convection unit that is selec-
tively operable to enhance convective heat transfer rel-
ative to at least one of the first reject heat sink and the
second reject heat sink. In certain embodiments, each
of the first plurality of fins and the second plurality of fins
comprises vertically oriented fins that are disposed in an
array, that are laterally offset relative to other fins in the
respective array, and that are in conductive thermal com-
munication with multiple reject transport tubes of the plu-
rality of reject transport tubes. In certain embodiments,
the vertically oriented fins include multiple open aper-
tures defined in faces of the vertically oriented fins. In
certain embodiments, the first thermoelectric heat pump
includes a first plurality of thermoelectric cooling ele-
ments, and the second thermoelectric heat pump in-
cludes a second plurality of thermoelectric cooling ele-
ments. Additional embodiments are directed to a ther-
moelectric cooling or refrigeration system comprising the
heat transport apparatus.
[0068] Figure 13 illustrates of a heat accepting appa-
ratus 600 including a heat exchange block 610, first and
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second accept loops 608, 609 coupled to the heat ex-
change block 610, and an interconnect line 601 accord-
ing to one embodiment of the present disclosure (such
as may be used with a thermoelectric refrigeration unit
as depicted in Figures 15 and 16). Figure 14 illustrates
internal elements of the heat exchange block 610 (which
may be formed of aluminum, copper, or another suitable
metal). The heat exchange block 610 includes four lon-
gitudinal fluid ports 611 that may be formed by drilling or
other suitable cavity forming means, yielding a crowned
portion at the terminus 612 of each longitudinal fluid port
611. Respective ends of the first and second accept loops
608, 609 are received by the four longitudinal fluid ports
611. Near the termini 612, an interconnect port 613 ex-
tends laterally through the longitudinal fluid ports 611 and
may be formed by drilling or other suitable cavity forming
means. The interconnect line 601 is coupled to the inter-
connect port 613 and is terminated at opposing ends by
fittings 602A, 602B that permit heat transport fluid to be
added to (or removed from) the accept loops 608, 609.
Each accept loop 608, 609 is preferably arranged for pas-
sive transport of heat transport fluid, and may embody a
thermosiphon or heatpipe. In certain embodiments, the
first accept loop 608 may be arranged along sides of a
cooling chamber, and the second accept loop 609 may
be arranged along a rear wall of a cooling chamber.
[0069] Figure 15 is a perspective assembly view of a
thermoelectric refrigeration unit, and Figure 16 illustrates
the thermoelectric refrigeration unit 700 following assem-
bly thereof. A cooling chamber 702 is bounded by an
interior wall 703 and a door 704. An outer wall 701 sur-
rounds the interior wall 703, with insulation (not shown)
preferably being arranged between the interior wall 703
and outer wall 701. The outer wall 701 may form a box
or cabinet supported from below by legs or casters 790.
Accept loops 708-1, 709-1 are arranged along upper lat-
eral and upper rear portions of the interior wall 703, and
accept loops 708-2, 709-2 are arranged along lower lat-
eral and lower rear portions of the interior wall 703, to
receive heat from the cooling chamber 702. Each accept
loop 708-1, 709-1, 708-2, 709-2 is preferably arranged
for passive transport of heat transport fluid (e.g., may
embody a thermosiphon or heatpipe). The upper accept
loops 708-1, 709-1 are coupled to an upper heat ex-
change block (not shown) arranged in thermal commu-
nication with (e.g., pressed against) a first thermoelectric
heat pump 712-1 including multiple TECs, such as may
be arranged in a cartridge as described herein. Similarly,
the lower accept loops 708-2, 709-2 are coupled to a
lower heat exchange block (not shown) arranged in ther-
mal communication with a second thermoelectric heat
pump 712-2 including multiple TECs, such as may be
arranged in cartridge as described herein. The thermo-
electric heat pumps 712-1, 712-2 may be arranged along
an insulated portion 772 of a rear surface 771. A heat
transport apparatus 515 (as illustrated in Figures 11 and
12) may be arranged along the insulated portion 772 of
the rear surface 771, with the first heat exchange pad

514-1 arranged in thermal communication with (e.g.,
pressed against) the first thermoelectric heat pump
712-1, and with the second heat exchange pad 514-2
arranged in thermal communication with the second ther-
moelectric heat pump 712-2. First and second fans
721-1, 721-2 may be arranged in the central recess or
valley (that extends in a generally vertical direction be-
tween left and right arrays of fins 517-1A, 517-1 B,
517-2A, 517-2B of the heat transport apparatus 515. A
cover 735 may be arranged over the heat transport ap-
paratus 515 and fans 721-1, 721-2. The cover 735 in-
cludes perforated face panel portions 740A, 740B and
side walls 739A, 739B arranged to abut the arrays of fins
517-1A, 517-1B, 517-2A, 517-2B. A central panel portion
736 includes apertures 738-1, 738-2 arranged to fit over
the fans 721-1, 721-2 as well as top and bottom medial
wall portions 738-1. Openings 741 A, 741 B are provided
along top and bottom portions of the cover 735 between
the medial wall portions 737 and the side walls 739A,
739B to expose top surfaces of fins of the upper arrays
of fins 517-1 A, 517-1 B and to expose bottom surfaces
of fins of the lower arrays of fins 517-2A, 517-2B.
[0070] To determine a best configuration for the fans
721-1, 721-2 of the thermoelectric refrigeration unit 700,
testing was performed (at 25°C ambient with ~35W total
input power to thermoelectric heat pumps, with the fans
supplied input power of 2.4W (0.15 amps at 12 volts).
Various combinations of the individual fans blowing in,
blowing out, and off were tested. Ultimately, configuring
both fans blowing outward (away from the thermoelectric
heat pumps) was found to yield better results than any
other configuration, providing the lowest top, bottom, and
average hot side thermoelectric heat pump surface tem-
peratures.
[0071] In operation of the thermoelectric refrigeration
unit 700 of Figures 15 and 16, the thermoelectric heat
pumps 712-1, 712-2 are energized, thereby cooling the
accept loops 708-1, 709-1, 708-2, and 709-2 to receive
heat from the cooling chamber 702. Heat accepted by
the accept loops 708-1, 709-1, 708-2, and 709-2 is trans-
ported to the thermoelectric heat pumps 712-1, 712-2,
and is received by the heat transport apparatus 515 for
dissipation (by the arrays of fins 517-1A, 517-1B, 517-2A,
and 517-2B) to an ambient environment. The fans 721-1,
721-2 may be energized (as described previously herein)
to draw air across the arrays of fins 517-1 A, 517-1 B,
517-2A, and 517-2B to enhance convective heat trans-
port when necessary (such as during pull down/recovery
or abnormally high ambient temperature conditions), but
the fans 721-1, 721-2 may be de-energized during steady
state operation when passive heat transport is preferably
sufficient to maintain a desired set point temperature in
the cooling chamber 702.
[0072] Those skilled in the art will recognize improve-
ments and modifications to the preferred embodiments
of the present disclosure. Any of the various features and
elements as disclosed herein may be combined with one
or more other disclosed features and elements unless
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indicated to the contrary herein.

Claims

1. A heat transport system (200; 250) arranged to main-
tain a set point temperature or set point temperature
range of a chamber or surface, the heat transport
system comprising:

at least one heat exchanger (208;258);
a fluid conduit (214; 264) containing a heat trans-
port fluid in thermal communication with the at
least one heat exchanger;
at least one forced convection unit (221; 271)
that is selectively operable to enhance convec-
tive heat transfer relative to the at least one heat
exchanger; and
a controller arranged to:

receive temperature data indicative of at
least one of (i) temperature of an ambient
environment containing the heat transport
system, and (ii) temperature of the chamber
or surface;
activate the at least one forced convection
unit upon detection of a condition indicative
of at least one of the following states (a) and
(b): (a) temperature of the chamber or sur-
face exceeds a steady state temperature
range that includes the set point tempera-
ture or set point temperature range, and (b)
temperature of an ambient environment ex-
ceeds an ambient environment threshold
temperature or ambient environment
threshold temperature range; and
deactivate the at least one forced convec-
tion unit upon detection of a condition indic-
ative of at least one of the following states
(I) and (II): (I) temperature of the chamber
or surface is within the steady state temper-
ature range, and (II) temperature of an am-
bient environment is below the ambient en-
vironment threshold temperature or ambi-
ent environment threshold temperature
range,

characterized in that the heat transport fluid com-
prises a liquid phase and a gas phase within the fluid
conduit, and is arranged for passive flow within the
fluid conduit.

2. The heat transport system of claim 1, wherein the
fluid conduit comprises a thermosiphon or a heat-
pipe.

3. The heat transport system of any one of claims 1 or
2, wherein the at least one heat exchanger, the fluid

conduit, and the heat transport fluid are arranged to
maintain a set point temperature or set point tem-
perature range of the chamber or surface without
operation of the forced convection unit during steady
state operation when the temperature of the ambient
environment does not exceed the ambient environ-
ment threshold temperature or ambient environment
threshold temperature range.

4. The heat transport system of any one of claims 1 or
2, wherein:

the at least one heat exchanger comprises a re-
ject heat exchanger exposed to the ambient en-
vironment; and
the at least one forced convection unit is ar-
ranged to enhance dissipation of heat from the
reject heat exchanger to the ambient environ-
ment.

5. The heat transport system of claim 4, wherein the
reject heat exchanger comprises a plurality of fins
(305; 517), and wherein the fluid conduit is in con-
ductive thermal communication with the plurality of
fins.

6. The heat transport system of claim 4, wherein the
heat transport system comprises at least one ther-
moelectric heat pump arranged to receive heat from
the fluid conduit and transport heat to the reject heat
exchanger, and the at least one thermoelectric heat
pump is operated responsive to temperature of the
chamber or surface.

7. The heat transport system of claim 6, wherein the at
least one thermoelectric heat pump comprises a plu-
rality of thermoelectric heat pumps, and the control-
ler is arranged to separately control at least two ther-
moelectric heat pumps of the plurality of thermoe-
lectric heat pumps.

8. The heat transport system of any one of claims 1 or
2, wherein the at least one heat exchanger compris-
es an accept heat exchanger arranged between the
chamber or surface and the fluid conduit, and the at
least one forced convection unit is arranged to en-
hance transfer of heat from the chamber or surface
to the accept heat exchanger.

9. The heat transport system of any one of claims 1 or
2, wherein a condition indicative of a state in which
temperature of an ambient environment exceeds an
ambient environment threshold temperature of am-
bient environment threshold temperature range is
detected by sensing a temperature of the at least
one heat exchanger.

10. The heat transport system of any one of claims 1 or
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2, wherein the at least one forced convection unit
comprises an electrically operated fan (311,321;
721).

11. A method of controlling a heat transport system to
maintain a set point temperature or set point tem-
perature range of a chamber or surface, the heat
transport system including at least one heat ex-
changer, a fluid conduit containing a heat transport
fluid in thermal communication with the at least one
heat exchanger, and at least one forced convection
unit that is selectively operable to enhance convec-
tive heat transfer relative to the at least one heat
exchanger, the method comprising:

receiving temperature data indicative of at least
one of (i) temperature of an ambient environ-
ment containing the heat transport system, and
(ii) temperature of the chamber or surface;
activating the at least one forced convection unit
upon detection of at least one condition indica-
tive of at least one of the following states (a) and
(b): (a) temperature of the chamber or surface
exceeds a steady state temperature range that
includes the set point temperature or set point
temperature range, and (b) temperature of an
ambient environment exceeds an ambient envi-
ronment threshold temperature or ambient en-
vironment threshold temperature range;
deactivating the at least one forced convection
unit upon detection of a condition indicative of
at least one of the following states (I) and (II): (I)
temperature of the chamber or surface is within
the steady state temperature range, and (II) tem-
perature of an ambient environment is below the
ambient environment threshold temperature or
ambient environment threshold temperature
range;

characterized in that:

the heat transport fluid comprises a liquid phase
and a gas phase within the fluid conduit, and by:

arranging for passive flow within the fluid
conduit.

12. The method of claim 11, wherein:

the at least one heat exchanger comprises a re-
ject heat exchanger exposed to the ambient en-
vironment;
the at least one forced convection unit is ar-
ranged to enhance dissipation of heat from the
reject heat exchanger to the ambient environ-
ment;
the heat transport system comprises at least one
thermoelectric heat pump arranged to receive

heat from the fluid conduit and transport heat to
the reject heat exchanger; and
the method further comprises selectively con-
trolling the at least one forced convection unit
responsive to temperature of the chamber or
surface.

13. The method of any one of claims 11 or 12, wherein:

the at least one heat exchanger comprises an
accept heat exchanger arranged between the
chamber or surface and the fluid conduit;
the at least one forced convection unit is ar-
ranged to enhance transfer of heat from the
chamber or surface to the accept heat exchang-
er;
the heat transport system comprises at least one
thermoelectric heat pump arranged to receive
heat from the accept heat exchanger; and
the method further comprises selectively con-
trolling the at least one forced convection unit
responsive to temperature of the chamber or
surface.

Patentansprüche

1. Wärmetransportsystem (200; 250), das dazu ange-
ordnet ist, eine Solltemperatur oder einen Solltem-
peraturbereich einer Kammer oder Oberfläche auf-
rechtzuerhalten, wobei das Wärmetransportsystem
Folgendes umfasst:

mindestens einen Wärmetauscher (208; 258);
eine ein Wärmetransportfluid enthaltende Flu-
idleitung (214; 264) in thermischer Verbindung
mit dem mindestens einen Wärmetauscher;
mindestens eine Zwangskonvektionseinheit
(221; 271), die selektiv betätigbar ist, um die
Konvektionswärmeübertragung relativ zu dem
mindestens einen Wärmetauscher zu verbes-
sern, und
einen Kontroller, der dazu angeordnet ist:

Temperaturdaten zu empfangen, die für
mindestens eine von (i) der Temperatur ei-
ner das Wärmetransportsystem enthalten-
den Umgebung und (ii) der Temperatur der
Kammer oder Oberfläche indikativ sind;
die mindestens eine Zwangskonvektions-
einheit zu aktivieren, wenn eine Bedingung
erkannt wird, die für mindestens einen der
folgenden Zustände (a) und (b) indikativ ist:
(a) die Temperatur der Kammer oder Ober-
fläche übersteigt einen stationären Tempe-
raturbereich, der die Solltemperatur oder
den Solltemperaturbereich einschließt, und
(b) die Temperatur einer Umgebung über-
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steigt eine Umgebungs-Grenztemperatur
oder einen Umgebungs-Grenztemperatur-
bereich; und
die mindestens eine Zwangskonvektions-
einheit zu deaktivieren, wenn eine Bedin-
gung erkannt wird, die für mindestens einen
der folgenden Zustände (I) und (II) indikativ
ist: (I) die Temperatur der Kammer oder
Oberfläche liegt innerhalb des stationären
Temperaturbereichs und (II) die Tempera-
tur einer Umgebung liegt unter der Umge-
bungs-Grenztemperatur oder dem Umge-
bungs-Grenztemperaturbereich, dadurch
gekennzeichnet, dass das Wärmetrans-
portfluid eine flüssige Phase und eine Gas-
phase in der Fluidleitung umfasst und zur
passiven Strömung in der Fluidleitung an-
geordnet ist.

2. Wärmetransportsystem nach Anspruch 1, wobei die
Fluidleitung einen Thermosiphon oder ein Wärme-
rohr umfasst.

3. Wärmetransportsystem nach einem der Ansprüche
1 oder 2, wobei der mindestens eine Wärmetau-
scher, die Fluidleitung und das Wärmetransportfluid
dazu angeordnet sind, während des stationären Be-
triebs, wenn die Temperatur der Umgebung die Um-
gebungs-Grenztemperatur oder den Umgebungs-
Grenztemperaturbereich nicht überschreitet, eine
Solltemperatur oder einen Solltemperaturbereich
der Kammer oder Oberfläche ohne Betrieb der
Zwangskonvektionseinheit aufrechtzuerhalten.

4. Wärmetransportsystem nach einem der Ansprüche
1 oder 2, wobei:

der mindestens eine Wärmetauscher einen der
Umgebung ausgesetzten Abwärmetauscher
umfasst; und
die mindestens eine Zwangskonvektionseinheit
dazu angeordnet ist, die Abfuhr von Wärme von
dem Abwärmetauscher an die Umgebung zu
verbessern.

5. Wärmetransportsystem nach Anspruch 4, wobei der
Abwärmetauscher eine Vielzahl von Rippen (305;
517) umfasst, und wobei sich die Fluidleitung in lei-
tender thermischer Verbindung mit der Vielzahl von
Rippen befindet.

6. Wärmetransportsystem nach Anspruch 4, wobei das
Wärmetransportsystem mindestens eine thermoe-
lektrische Wärmepumpe umfasst, die dazu angeord-
net ist, Wärme von der Fluidleitung zu empfangen
und Wärme zu dem Abwärmetauscher zu transpor-
tieren und die mindestens eine thermoelektrische
Wärmepumpe ansprechend auf die Temperatur der

Kammer oder Oberfläche betrieben wird.

7. Wärmetransportsystem nach Anspruch 6, wobei die
mindestens eine thermoelektrische Wärmepumpe
eine Vielzahl von thermoelektrischen Wärmepum-
pen umfasst und der Kontroller dazu angeordnet ist,
mindestens zwei thermoelektrische Wärmepumpen
der Vielzahl von thermoelektrischen Wärmepumpen
getrennt zu steuern.

8. Wärmetransportsystem nach einem der Ansprüche
1 oder 2, wobei der mindestens eine Wärmetauscher
einen zwischen der Kammer oder Oberfläche und
der Fluidleitung angeordneten Aufnahmewärmetau-
scher umfasst und die mindestens eine Zwangskon-
vektionseinheit dazu angeordnet ist, die Übertra-
gung von Wärme von der Kammer oder Oberfläche
an den Aufnahmewärmetauscher zu verbessern.

9. Wärmetransportsystem nach einem der Ansprüche
1 oder 2, wobei eine Bedingung, die für Zustand in-
dikativ ist, in dem die Temperatur einer Umgebung
eine Umgebungs-Grenztemperatur oder einen Um-
gebungs-Grenztemperaturbereich übersteigt, er-
kannt wird, indem eine Temperatur des mindestens
einen Wärmetauschers abgefühlt wird.

10. Wärmetransportsystem nach einem der Ansprüche
1 oder 2, wobei die mindestens eine Zwangskonvek-
tionseinheit ein elektrisch betriebenes Gebläse (311,
321; 721) umfasst.

11. Verfahren zum Steuern eines Wärmetransportsys-
tems, um eine Solltemperatur oder einen Solltem-
peraturbereich einer Kammer oder Oberfläche auf-
rechtzuerhalten, wobei das Wärmetransportsystem
mindestens einen Wärmetauscher, eine ein Wärme-
transportfluid enthaltende Fluidleitung in thermi-
scher Verbindung mit dem mindestens einen Wär-
metauscher und mindestens eine Zwangskonvekti-
onseinheit, die selektiv betreibbar ist, um die Kon-
vektionswärmeübertragung relativ zu dem mindes-
tens einen Wärmetauscher zu verbessern, umfasst,
wobei das Verfahren Folgendes umfasst:

Empfangen von Temperaturdaten, die für min-
destens eine von (i) der Temperatur einer das
Wärmetransportsystem enthaltenden Umge-
bung und (ii) der Temperatur der Kammer oder
Oberfläche indikativ sind;
Aktivieren der mindestens einen Zwangskon-
vektionseinheit, wenn mindestens eine Bedin-
gung erkannt wird, die für mindestens einen der
folgenden Zustände (a) und (b) indikativ ist: (a)
die Temperatur der Kammer oder Oberfläche
übersteigt einen stationären Temperaturbe-
reich, der die Solltemperatur oder den Solltem-
peraturbereich einschließt, und (b) die Tempe-
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ratur einer Umgebung übersteigt eine Umge-
bungs-Grenztemperatur oder einen Umge-
bungs-- Grenztemperaturbereich;
Deaktivieren der mindestens einen Zwangskon-
vektionseinheit, wenn eine Bedingung erkannt
wird, die für mindestens einen der folgenden Zu-
stände (I) und (II) indikativ ist: (I) die Temperatur
der Kammer oder Oberfläche liegt innerhalb des
stationären Temperaturbereichs und (II) die
Temperatur einer Umgebung liegt unter der Um-
gebungs-Grenztemperatur oder dem Umge-
bungs-Grenztemperaturbereich;

dadurch gekennzeichnet, dass:

das Wärmetransportfluid eine flüssige Phase
und eine Gasphase in der Fluidleitung umfasst,
und durch:

Anordnen zu passiver Strömung in der Flu-
idleitung.

12. Verfahren nach Anspruch 11, wobei:

der mindestens eine Wärmetauscher einen der
Umgebung ausgesetzten Abwärmetauscher
umfasst;
die mindestens eine Zwangskonvektionseinheit
dazu angeordnet ist, die Abfuhr von Wärme von
dem Abwärmetauscher an die Umgebung zu
verbessern;
das Wärmetransportsystem mindestens eine
thermoelektrische Wärmepumpe umfasst, die
dazu angeordnet ist, Wärme von der Fluidlei-
tung zu empfangen und Wärme zu dem Abwär-
metauscher zu transportieren; und
das Verfahren weiter das selektive Steuern der
mindestens einen Zwangskonvektionseinheit
ansprechend auf die Temperatur der Kammer
oder Oberfläche umfasst.

13. Verfahren nach einem der Ansprüche 11 oder 12,
wobei:

der mindestens eine Wärmetauscher einen zwi-
schen der Kammer oder Oberfläche und der Flu-
idleitung angeordneten Aufnahmewärmetau-
scher umfasst;
die mindestens eine Zwangskonvektionseinheit
dazu angeordnet ist, die Übertragung von Wär-
me von der Kammer oder Oberfläche zu dem
Aufnahmewärmetauscher zu verbessern;
das Wärmetransportsystem mindestens eine
thermoelektrische Wärmepumpe umfasst, die
dazu angeordnet ist, Wärme von dem Aufnah-
mewärmetauscher zu empfangen; und
das Verfahren weiter das selektive Steuern der
mindestens einen Zwangskonvektionseinheit

ansprechend auf die Temperatur der Kammer
oder Oberfläche umfasst.

Revendications

1. Système de transport de chaleur (200 ; 250) agencé
à des fins de maintien d’une température de consi-
gne ou d’une plage de températures de consigne
d’une chambre ou d’une surface, le système de
transport de chaleur comportant :

au moins un échangeur de chaleur (208 ; 258) ;
un conduit de fluide (214 ; 264) contenant un
fluide de transport de chaleur en communication
thermique avec ledit au moins un échangeur de
chaleur ;
au moins une unité à convection forcée (221 ;
271) qui fonctionne de manière sélective à des
fins d’amélioration du transfert de chaleur par
convection par rapport audit au moins un échan-
geur de chaleur ; et
un dispositif de commande agencé pour :

recevoir des données de température indi-
quant au moins l’une parmi (i) la tempéra-
ture d’un environnement ambiant contenant
le système de transport de chaleur, et (ii) la
température de la chambre ou de la
surface ;
activer ladite au moins une unité à convec-
tion forcée dès la détection d’une condition
indiquant au moins l’un des états suivants
(a) et (b) : (a) la température de la chambre
ou de la surface dépasse une plage de tem-
pératures en régime stationnaire qui com-
prend la température de consigne ou la pla-
ge de températures de consigne, et (b) la
température d’un environnement ambiant
dépasse une température de seuil de l’en-
vironnement ambiant ou une plage de tem-
pératures de seuil de l’environnement
ambiant ; et
désactiver ladite au moins une unité à con-
vection forcée dès la détection d’une con-
dition indiquant au moins l’un des états sui-
vants (I) et (II) : (I) la température de la
chambre ou de la surface se trouve dans
les limites de la plage de températures en
régime stationnaire, et (II) la température
d’un environnement ambiant est inférieure
à la température de seuil de l’environne-
ment ambiant ou à la plage de températures
de seuil de l’environnement ambiant,

caractérisé en ce que le fluide de transport de cha-
leur comporte une phase liquide et une phase ga-
zeuse à l’intérieur du conduit de fluide, et est agencé
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à des fins d’écoulement passif à l’intérieur du conduit
de fluide.

2. Système de transport de chaleur selon la revendi-
cation 1, dans lequel le conduit de fluide comporte
un thermosiphon ou un caloduc.

3. Système de transport de chaleur selon l’une quel-
conque des revendications 1 ou 2, dans lequel ledit
au moins un échangeur de chaleur, le conduit de
fluide, et le fluide de transport de chaleur sont agen-
cés pour maintenir une température de consigne ou
une plage de températures de consigne de la cham-
bre ou de la surface sans le fonctionnement de l’unité
à convection forcée lors d’un fonctionnement en ré-
gime stationnaire quand la température de l’environ-
nement ambiant ne dépasse pas la température de
seuil de l’environnement ambiant ni la plage de tem-
pératures de seuil de l’environnement ambiant.

4. Système de transport de chaleur selon l’une quel-
conque des revendications 1 ou 2, dans lequel :

ledit au moins un échangeur de chaleur com-
porte un échangeur de chaleur résiduelle expo-
sé à l’environnement ambiant ; et
ladite au moins une unité à convection forcée
est agencée à des fins d’amélioration de la dis-
sipation de chaleur en provenance de l’échan-
geur de chaleur résiduelle vers l’environnement
ambiant.

5. Système de transport de chaleur selon la revendi-
cation 4, dans lequel l’échangeur de chaleur rési-
duelle comporte une pluralité d’ailettes (305 ; 517),
et dans lequel le conduit de fluide est en communi-
cation thermique conductrice avec la pluralité d’ailet-
tes.

6. Système de transport de chaleur selon la revendi-
cation 4, dans lequel le système de transport de cha-
leur comporte au moins une pompe à chaleur ther-
moélectrique agencée à des fins de réception de
chaleur en provenance du conduit de fluide et à des
fins de transport de chaleur jusqu’à l’échangeur de
chaleur résiduelle, et ladite au moins une pompe à
chaleur thermoélectrique fonctionne en réponse à la
température de la chambre ou de la surface.

7. Système de transport de chaleur selon la revendi-
cation 6, dans lequel ladite au moins une pompe à
chaleur thermoélectrique comporte une pluralité de
pompes à chaleur thermoélectriques, et le dispositif
de commande est agencé à des fins de commande
séparée d’au moins deux pompes à chaleur ther-
moélectriques de la pluralité de pompes à chaleur
thermoélectriques.

8. Système de transport de chaleur selon l’une quel-
conque des revendications 1 ou 2, dans lequel ledit
au moins un échangeur de chaleur comporte un
échangeur de chaleur acceptée agencé entre la
chambre ou la surface et le conduit de fluide, et ladite
au moins une unité à convection forcée est agencée
à des fins d’amélioration du transfert de chaleur en
provenance de la chambre ou de la surface jusqu’à
l’échangeur de chaleur acceptée.

9. Système de transport de chaleur selon l’une quel-
conque des revendications 1 ou 2, dans lequel une
condition indiquant un état dans lequel la tempéra-
ture d’un environnement ambiant dépasse une tem-
pérature de seuil de l’environnement ambiant ou une
plage de températures de seuil de l’environnement
ambiant est détectée par la détection d’une tempé-
rature dudit au moins un échangeur de chaleur.

10. Système de transport de chaleur selon l’une quel-
conque des revendications 1 ou 2, dans lequel ladite
au moins une unité à convection forcée comporte un
ventilateur à commande électrique (311, 321 ; 721).

11. Procédé de commande d’un système de transport
de chaleur servant à maintenir une température de
consigne ou une plage de températures de consigne
d’une chambre ou d’une surface, le système de
transport de chaleur comprenant au moins un échan-
geur de chaleur, un conduit de fluide contenant un
fluide de transport de chaleur en communication
thermique avec ledit au moins un échangeur de cha-
leur, et au moins une unité à convection forcée qui
fonctionne de manière sélective à des fins d’amélio-
ration du transfert de chaleur par convection par rap-
port audit au moins un échangeur de chaleur, le pro-
cédé comportant les étapes consistant à :

recevoir des données de température indiquant
au moins l’une parmi (i) la température d’un en-
vironnement ambiant contenant le système de
transport de chaleur, et (ii) la température de la
chambre ou de la surface ;
activer ladite au moins une unité à convection
forcée dès la détection d’au moins une condition
indiquant au moins l’un des états suivants (a) et
(b) : (a) la température de la chambre ou de la
surface dépasse une plage de températures en
régime stationnaire qui comprend la températu-
re de consigne ou la plage de températures de
consigne, et (b) la température d’un environne-
ment ambiant dépasse une température de seuil
de l’environnement ambiant ou une plage de
températures de seuil de l’environnement
ambiant ;
désactiver ladite au moins une unité à convec-
tion forcée dès la détection d’une condition in-
diquant au moins l’un des états suivants (I) et
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(II) : (I) la température de la chambre ou de la
surface se trouve dans les limites de la plage de
températures en régime stationnaire, et (II) la
température d’un environnement ambiant est in-
férieure à la température de seuil de l’environ-
nement ambiant ou à la plage de températures
de seuil de l’environnement ambiant ;

caractérisé en ce que :

le fluide de transport de chaleur comporte une
phase liquide et une phase gazeuse à l’intérieur
du conduit de fluide, et par :

l’agencement à des fins d’écoulement pas-
sif à l’intérieur du conduit de fluide.

12. Procédé selon la revendication 11, dans lequel :

ledit au moins un échangeur de chaleur com-
porte un échangeur de chaleur résiduelle expo-
sé à l’environnement ambiant ;
ladite au moins une unité à convection forcée
est agencée à des fins d’amélioration de la dis-
sipation de chaleur en provenance de l’échan-
geur de chaleur résiduelle vers l’environnement
ambiant ;
le système de transport de chaleur comporte au
moins une pompe à chaleur thermoélectrique
agencée à des fins de réception de chaleur en
provenance du conduit de fluide et à des fins de
transport de chaleur jusqu’à l’échangeur de cha-
leur résiduelle ; et
le procédé comporte par ailleurs l’étape consis-
tant à commander de manière sélective ladite
au moins une unité à convection forcée en ré-
ponse à la température de la chambre ou de la
surface.

13. Procédé selon l’une quelconque des revendications
11 ou 12, dans lequel :

ledit au moins un échangeur de chaleur com-
porte un échangeur de chaleur acceptée agen-
cé entre la chambre ou la surface et le conduit
de fluide ;
ladite au moins une unité à convection forcée
est agencée à des fins d’amélioration du trans-
fert de chaleur en provenance de la chambre ou
de la surface jusqu’à l’échangeur de chaleur
acceptée ;
le système de transport de chaleur comporte au
moins une pompe à chaleur thermoélectrique
agencée à des fins de réception de chaleur en
provenance de l’échangeur de chaleur
acceptée ; et
le procédé comporte par ailleurs l’étape consis-
tant à commander de manière sélective ladite

au moins une unité à convection forcée en ré-
ponse à la température de la chambre ou de la
surface.
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